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With steps towards Industry 4.0, it becomes imperative to the development of next-generation 
industrial assembly lines, to be able to modulate adhesion dynamically for handling complex 
and diverse substrates. The inspiration for the design and functionality of such adhesive pads 
comes from gecko’s remarkable ability to traverse rough and smooth topographies with great 
ease and agility. The emphasis in this thesis was to equip artificial micropatterned adhesives 
with such functionalities of tunability and devise an on-demand release mechanism. The project 
evaluates the potential of electric fields in this direction. The first part of this work focusses on 
integrating electric fields with polymeric micropatterns and studying the synergistic effect of 
Van der Waals and electrostatic forces. An in-house electroadhesion set up was built to measure 
the pull-off forces with and without electric fields. As a function of the applied voltage, 
adhesion forces can be tuned. The second part of the work demonstrates a novel route that 
exploits the in-plane actuation of the dielectric elastomeric actuators integrated with 
microstructure to induce peeling in them. Voltage-dependent actuation has been harnessed to 
generate the requisite peel force to detach the micropatterns. Overall, the findings of this thesis 
combine disciplines of electroadhesion, electroactuation, and reversible dry adhesives to gain 





Im Einklang mit dem Fortschreiten in Richtung Industrie 4.0, wird es auch für die Entwicklung 
von industriellen Montagelinien der nächsten Generation unerlässlich sein, die Handhabung 
komplexer und unterschiedlicher Objekte zu flexibilisieren. Bioinspirierte Haftpads nach dem 
Vorbild des Gecko könnten zukünftig hierzu wesentlich beitragen. Der Schwerpunkt dieser 
Arbeit bestand darin, künstliche mikrostrukturierte Haftpads mit einem elektrisch schaltbaren 
Adhäsions- und Ablösemechanismus zu funktionalisieren, um die Grundlage für einen schnell 
schaltbaren, intelligenten Greifer zu schaffen. Der erste Teil dieser Arbeit konzentriert sich auf 
die Kombination elektrischer Felder mit elastomeren Mikrostrukturen und die Untersuchung 
der synergistischen Wirkung von Van der Waals- und elektrostatischen Kräften. Zur Messung 
der Adhäsion wurde ein individueller Aufbau realisiert und mit diesem die 
Feldstärkeabhängigkeit der Haftkräfte nachgewiesen. Der zweite Teil der Arbeit demonstriert 
einen neuartigen Ablösemechanismus unter Ausnutzung der lateralen Bewegung dielektrischer 
elastomerer Aktuatoren, um so ein Abschälen  der Haftpads vom Substrat zu induzieren. Durch 
Variation der elektrischen Spannung wurde untersucht, wie sich diese auf die 
Ablösegeschwindigkeit der  Haftpads auswirkt. Insgesamt kombinieren die Ergebnisse dieser 
Arbeit die Disziplinen Elektroadhäsion, Elektroaktuation und reversible trockene Klebstoffe, 















“I may not have gone where I intended to go, but I think I have ended 
up where I needed to be” 
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 Chapter 1: Introduction 
 
Nature’s toolkit continues to inspire mankind and offer sustainable solutions for different 
applications. For centuries [1], the remarkable load bearing capacity of geckoes, while treading 
different surfaces with agility, intrigued human curiosity [2]. A closer microscopic look at the 
toe pads of the Gecko gecko revealed intricate hierarchical architecture as shown in Figure 1. 
Each toe pad consists of thousands of setae with each individual seta having a length of (ST) 
30- 130 μm, branched into sub-μm spatulae (SP). A gecko makes intimate contact through a 
myriad of these structures [3].  
 
Figure 1 Scanning electron micrographs of the toe pads of  Gecko gecko (a) (b) Toe pads 
consist of hundreds of setae (ST represents a single seta) (c) Each seta is branched further in 
to sub micrometre spatula (SP). BR denotes the branches. Reproduced from [2] 
While adhesion strength motivates the abstraction of these design principles into artificial 
adhesives [4] [5] , the aspect of reversibility is uniquely distinguishing. To emulate the ability 
of geckoes to optimise and regulate adhesion depending on the counter surfaces, coupled with 
the ease to detach and make new contacts, has been the long-term goal of the scientific 
community [6]. 
The present thesis evaluates the potential of electric fields to modulate the adhesion of 
micropatterned adhesives. There are several advantages offered by electrical fields that 
establish its uniqueness when compared to other external triggers such as magnetic fields, 
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thermal stimuli and compressive mechanical forces (preload). One of the major advantages 
stems from the fact that every material is inherently responsive to electric field. In the presence 
of an applied field, dielectrics undergo polarisation. It is different in case of conductors, where 
free charges get separated in presence of an electric field. At the atomic level, distortion of 
electron clouds with respect to nuclei (electronic polarization) and, at the molecular level, 
asymmetric charge distributions (orientation polarization) occur [7]. Additionally, in 
heterogenous materials charge accumulates at structural interfaces. Thus, a macroscopic field 
distortion results from an applied electric field in this case leading to interfacial or space charge 
polarisation. These interfacial polarizations are held responsible for electroadhesive forces [8] 
[9].  Depending on the degree of polarizability, there is a strong or a weak response. This 
intrinsic property opens a multitude of options for the counter surfaces such as conductors and 
insulators that can be manipulated using an electroadhesive.  
On the other hand, application of magnetically switchable adhesives is restricted to class of 
materials that selectively respond to magnetic fields [10]. The same holds true for thermal or 
photo regulatable mechanisms wherein there is a need to engineer a unit that undergoes change 
in response to these stimuli and ultimately lead to change in adhesive forces [11]  
Furthermore, within this framework of external triggers most of the stimuli influence adhesion 
in a binary way by switching between the adhesive and non-adhesive states, rather than 
dynamically regulating it, as is the case with a live gecko. Varying the electrical fields offers 
controllability on the magnitude of adhesive forces which can be regulated as per the need. The 
practical implications are that a single end-effector robot could be employed, and the same 
assembly line could be used for automated handling of different devices by controlling the 
electric fields. Electroadhesion has been studied in the first part of this thesis for dynamic 
regulation of the measured pull-off strengths in dry adhesives by superimposing DC electric 
fields.  
Similarly, a dielectric material undergoes mechanical deformation in presence of an applied 
electric field. When the strain is unchanged on reversing the sign of the electric field i.e. the 
effect is quadratic, this electro-mechanical coupling is referred to as electrostriction and is 
exhibited predominantly in case of piezo and ferroelectric crystals. [12] [13]. In the second part 
of the thesis, electroactuation due to Maxwell stress  is employed using dielectric elastomeric 
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actuators (DEA) for facilitating release of dry adhesives from counter surfaces by initiating 
shear detachment.  
Although electroadhesion, electroactuation and Van der Waals adhesion in micropatterned 
adhesives are stand-alone mature technologies, their combination is relatively new. This thesis 
is an attempt to closely understand the interactions as a result of superimposing long range 
electrostatic forces on short range Van der Waals forces. On one hand, the thesis helps to 
fundamentally understand the afore-mentioned superposition by analysing the force 
displacement and force time measurements in a custom made electroadhesion measurement 
setup and on the other, demonstrates that electrical forces can be engineered to enable 
attachment (via electroadhesion) and detachment ( via DEA) of patterned adhesives.  
This research domain is incessant with interesting applications ranging from pick and place 
systems  to self-cleaning adhesives [14].  All the microstructures discussed within the scope of 
this thesis were fabricated using polydimethylsiloxane (PDMS) with glass as the target object 
for measuring adhesion. 
The thesis is organised into 5 sections. Chapter 2 titled Literature review provides a detailed 
discussion on the mechanism of electroadhesion and electroactuation processes and their 
emerging cognizance for designing smart adhesives in combination with bioinspired adhesives. 
With this understanding, Chapter 3 experimentally demonstrates superposition of electric fields 
on dry micropatterned adhesives for achieving dynamic tunability of adhesion strengths by 
designing a custom electroadhesion setup. In collaboration with Prof. Anton Darhuber and his 
student Maciej Chudak from TU Eindhoven (Netherlands), a theoretical model and its 
numerical implementation was developed using Comsol 5.2. The theoretical part of the chapter 
has been co-authored by TU Eindhoven. The experimental work focussed on DEA induced 
shear detachment is presented in Chapter 4. The dielectric actuator used in the study was 
provided by Prof. Stefan Seelecke from ZeMa (Zentrum für Mechatronik und 
Automatisierungstechnik gemeinnützige GmbH), Saarland. The thesis concludes with the 
Chapter 5 titled Discussions cumulatively summarising the key findings from this work and an 
outlook on further developments.  
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Chapter 2: Literature Review 
 
Nature has equipped each organism with capabilities optimised in accordance to their 
respective habitats. From an  opposable thumb in humans giving them the prehensile grip [15], 
to the anatomy of the fin bones [16][17] in fish that help them locomote, there is a rich reservoir 
of detail and precision in the naturally occurring designs [18][19]. Similarly, one of the 
fascinating features that captured interest of the scientific community, was the ability of geckos 
to stick and unstick to almost all surfaces with equal ease.  
Van der Waals (VdW) forces were confirmed as the dominant source of this adhesion thereby 
discounting the contribution from suction forces.  [20][21]. Soon after, capillary forces were 
also established to play a role in gecko adhesion [22]. It is remarkable that not only does the 
gecko exhibit strong adhesion but is also able to modulate it as needed. While biologists 
continued investigating the detachment mechanism in geckos [23][24], mimicking these 
strategies has been instrumental in guiding the development of smart adhesives [25][26] and 
robotic systems [27][28][29]. Furthermore, replication of these blueprints as artificial 
adhesives has pushed the need for tuning the mechanical architecture and materials for 
adaptability across diverse target surfaces. Adhesion in micropatterned adhesives is controlled 
by the contact shape [30][31] and modifying the tip geometries offers a route for regulating 
adhesion on rough surfaces [31][32]. In addition to the shape of contacts, these reversible 
adhesives are also sensitive to misalignment [33][34] and surface contamination[35]. Thus, 
with a tolerance to complexity of target substrates (based on shape and texture), degree of 
misalignment and performance in contaminated environments, researchers must constantly 
tailor dry reversible adhesives to meet these challenges.  
On all the above-mentioned yardsticks, adhesion modulation (tuning and switching) via 
superimposed electrical fields has hardly been researched and this thesis taps into this 
unexplored domain. This chapter is organised in following sections. Section 2.1 discusses the 
electrical forces and the behaviour of materials in a uniform and non-uniform electric field. It 
elaborates on the historical perspective when electrical fields were initially explored for 
handling materials. This is followed by section 2.2 which provides an insight into engineering 
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electroadhesive forces and concludes by discussing applications where dry adhesives have been 
integrated with electroadhesion. Section 2.3 summarises the early attempts in this direction of 
integrating dry adhesives with electric fields. Section 2.4 discusses the need for switchable 
adhesion followed by Section 2.5 which focusses on the mechanism of electroactuation and its 
application on leveraging actuation in dielectric elastomeric actuators (DEA) for enabling easy 
detachment of objects. Key parameters governing the performance of DEAs have been 
presented. The final section concludes with a discussion on the challenges limiting the 
application of electroadhesion and electrostriction technologies.  
2.1. Electrostatic Forces 
With the development of quantum theory in the 1920s, it was understood that all intermolecular 
forces are inherently electrostatic in nature [36] (Hellman- Feynman theorem). Electrostatic 
forces include the interactions between charges, ions, permanent dipoles and polarization 
interactions as a result of induced dipoles in molecules in the vicinity of an electric field.  
Charles Augustin Coulomb’s two memoirs, presented to the Paris Academie Royale des 
Sciences in 1785, formed the basis of the Coulomb’s law [37]. The law states that the force 
between two fixed point charges is directly proportional to the product of the charges and 






where q1, q2 are point charges, k is the Coulomb constant and r  is the distance of separation 
between the charges.  
2.1.1. Comparison with Van der Waals Forces 
Van der Waals forces on the other hand are short range (< 1 nm) intermolecular interactions. 
Lennard jones potential (LJ) is a pair potential that models van der Waals bonds between noble 
gases. The negative term in the Lennard Jones potential [38] represents the Van Der Waals 













where w (r) is the van der Waals interaction energy function and A and B are constants defined 
as 𝐴 = 4 𝜎6  and 𝐵 = 4 𝜎12 .  denotes the bond energy of the molecule and 𝜎  denotes the 
bond length. - r is the separation between two atoms Figure 2 represents the Lennard Jones 
potential.  
 
Figure 2 Graph – Lennard Jones potential with interaction potentials A = 10-77 J m6 and B = 10-
134 J m12. re is the equilibrium separation, where the force is zero and the energy is minimum. 
rs is the point at which the two atoms separate spontaneously when pulled apart by the pull- off 
force, Fmax.. Reproduced from [36]. 
2.1.2. Electroadhesion: Historical Perspective 
The earliest application when electrical forces were realised with the potential to adhere to 
different materials can be traced back to 1923, when Alfred Johnsen and Knud Rahbek applied 



























polished stone [39]. They observed that a considerable shear and normal force existed between 
the two bodies. This property was later utilised in the semiconductor industry for designing 
electrostatic chucks for handling Si wafers in the early 1970s [40].  
For patterning the wafers, it is critical to align them to their reticles prior to exposure. When 
the exposure was carried out optically, wafers |were handled by vacuum chucking. However, 
with the developments in electron-beam lithography, which is carried out in vacuum 
conditions, this method of handling wafers soon became invalid. Thus, electrostatic chucking 
was introduced, wherein the back of the semiconductor wafer acted as one of the electrodes 
and the other electrode was used in a capacitor configuration separated by an insulating layer. 
Figure 3 shows a non-flat wafer adhering to an electrostatic chuck. The semiconductor wafer 
is grounded and acts as one of the electrodes in this capacitor configuration.  
 
Figure 3 Parallel plate capacitor clamp configuration- Schematic representing an electrostatic 
chuck with the insulating layer of thickness r separating the backing electrode and the 
imperfectly flat wafer with a height h as a function of position . E1 and E2 represent the Electric 
fields in the insulator and wafer, respectively. This is a coulombic capacitive clamp. 
Reproduced from [40]. 
This configuration of the electrostatic chucks (ESC) was regarded as the parallel plate 
configuration (PPC) [41], also referred to as the coulombic capacitive clamp. One of the 
advantages of this configuration is fast clamping and declamping because the charges reside 
on the electrode surfaces. However, the presence of a leakage current is a disadvantage here 
[42].    








Yet another arrangement studied was the interdigitated electrodes (IDE) embedded inside a 
dielectric as shown in Figure 4 [42].This is known as the Johson Rahbek capacitive clamp. The 
charges here are diffused across the dielectric. Since there is no direct contact with the target 
material, it simplifies the handling process.  
 
 
Figure 4  Johnson Rahbek capacitive clamp configuration- Cross sectional view of the 
electroadhesion setup. Electrodes (blue) are embedded in a dielectric layer with thickness d 
and dielectric constant ɛ1 . The target material has a dielectric constant ɛ2. A uniform air gap of 
width u separates the pad from the target. Reproduced from [43]. 
The electrostatic chucks were initially limited to handling of flat and polished surfaces 
[40][42][44]. Adapting the technology to cater to handling of objects with complex curved 
shapes and textures (varying in roughness) necessitates a soft adhesive pad with the electrodes. 
This increased need to handle complex objects requires the compliance to handle objects as a 
human hand does. Since the IDE configuration does not involve direct contact with the target 
substrate, it has been increasingly studied for applications in designing electroadhesive pads 
[45][46].  
2.1.3. Electroadhesion: Maxwell Tensor 
Studies by Persson et. al. [43][47], Cao et. al. [48] and Guo et. al.[49] , have been directed to 
calculate the electroadhesive force acting in such a configuration. The first step is to calculate 
the potential distribution (ϕ) between and around the electrodes embedded in the dielectric. 
This is obtained by solving the Laplace equation given by:  




The electric field can then be calculated from the potential (ϕ) gradient, as:  




Once the electric field has been obtained, the integration of the Maxwell stress tensor over the 
enclosed surfaces of the dielectric medium gives the net electroadhesive force. The Maxwell 
tensor for the specified electric field E can be described in component form as given in [50]  





where σij  is the Maxwell stress, Ei  and Ej are the electric field components along the x and y 
directions in the region enclosed by the dielectric, εo = 8.85 × 10
−12 F/m is the permittivity 
of free space, and δij  is the Kronecker delta. 
2.1.4. Electroadhesion in Dielectrics: Polarization 
The Maxwell stress tensor method described above allows us to compute the electroadhesive 
forces. These forces arise from the fringe fields between the charges in the dielectric and the 
induced charges in the target object (when it is a dielectric).  
A dielectric undergoes polarisation in the presence of an external electric field. The total 
polarizability can be divided into four categories, (i) electronic polarisation, (ii) ionic 
polarisation, (iii) dipolar polarisation and (iv) interfacial or space charge polarisation. Figure 5 
shows the electric field time-period (1/frequency) dependence of different types of 
polarizations. At optical frequencies (~ 1015 Hz), the dielectric constant arises solely from the 
electronic polarisation. 
Electronic polarisation arises from the displacement of the electron clouds relative to a nucleus. 
The ionic or atomic contribution comes from the displacement of a charged ion with respect to 
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other ions. The dipolar polarizability arises from molecules with a permanent electric dipole 
moment that can change orientation towards the direction of the applied electric field. These 
three types of polarisation effects are caused by the displacement or orientation of bound charge 
carriers. The fourth type called the interfacial or space charge polarisation occurs due to surface 
charges at the interfaces of the dielectrics, at frequencies below 10 Hz. In order to conclusively 
calculate the forces, one needs a comprehensive knowledge about the distribution of these 
polarizabilities. These interfacial polarisations are responsible for electroadhesion [49][8]. 
 
 
Figure 5 Polarisation types in a linear dielectric material under a time-varying electric field 
Reproduced from [49] 
Polarisation of dielectrics has also been used for particle separation and fractionation. The 
process termed as dielectrophoresis (DEP) refers to the force exerted on the induced dipole 
moment of an uncharged dielectric and/or conductive particle in an inhomogeneous electric 
field. The term was coined by H. A. Pohl (1951) [51], who performed early experiments with 
small plastic particles suspended in insulating dielectric liquids and found that the particles 
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where 𝑚 and 𝑝 are absolute dielectric constants of the medium and the particle, respectively. 
𝑜 is the permittivity of the space, 𝐸𝑒 is the electric field strength and 𝑟𝑝 is the radius of the 
particle. As shown in Figure 6, when the dielectric constant of the particle is larger than that 
of the medium, the particle moves towards the pin electrode of greatest electric field strength. 
When the dielectric constant of particle is smaller than that of medium, the particle moves in 
the opposite direction. This forms the basis of particle separation and fractionation [53]. 
 
Figure 6 Principle of Dielectrophoresis -Dielectric particles experience different forces in a 
non-uniform electric field due to different dielectric constants. Dielectrophoresis is the process 
used for particle separation. Reproduced from [54].  
2.1.5. Electroadhesion in Conductors: Charge Separation 
For conductive substrates, when subjected to an external electric field, due to presence of free 
charge carriers, the charges separate. Yatsuzuka et al while studying the electrostatic chucks 
for handling Si wafers, calculated the electroadhesive force in an IDE setup [44] (Figure 7). 
The dielectric layer of thickness 𝑑 was smaller than the electrode spacing 𝑔 and a potential of  
Pin Electrode 
Electric Field Lines 







 was applied between the object and the IDE. As the conductivity of the Si wafer was higher 
than of the dielectric material, it was assumed as a conductor for calculating forces on a 
conductor [44].  
 
Figure 7 Schematic representing electroadhesion mechanism in an electrostatic chuck. 
Reproduced from [44].  














 is the potential difference between the two surfaces, 𝑆𝑤 is the pad area, 𝑑 is the 
dielectric thickness, 𝑜 is the permittivity of free space and 𝑟 is the permittivity of the dielectric 
layer. Thus, that the attractive force is proportional to the square power of the applied voltage 
and inversely proportional to the square of the thickness of the dielectric layer. 
This expression is derived by calculating the electric field produced between the 2 plates of the 
capacitor with area A and distance d between them  
When a potential V is applied across the capacitor, each of the plates have a charge of ± Q . 
The total electric field between the plates would be  




















The potential can be expressed as 
 





The charge Q can be now be rewritten as  





The plates are oppositely charged and therefore, the attractive force between them is equal to 










2.2. Engineering Electroadhesive Forces 
Electroadhesion as a technology offers opportunities to be integrated with different soft robots. 
Some of the early applications where electroadhesive forces were maximised and optimised 
are the robot bee aerial vehicle designed by Graule, M. A., et al. [27] and the wall climbing 
electroadhesive robot by Prahlad, Harsha, et al. [55]. Figure 8a depicts the trajectory of the 
micro aerial vehicle. Electroadhesion was used as a mechanism to adhere the device to a target 
substrate. With the designed algorithm, the device flies closer to the target substrate. The 




Figure 8 Micro aerial vehicle (MAV) design and operation (a) Schematic depicting the 
trajectory of the micro-aerial vehicle engaging with the target surface by means of 
electroadhesion (b) The aerial device consists of compliant copper electrodes coated on a 
polyimide film and covered by Parylene C. The entire structure is supported by a carbon fibre 
attached to a polyurethane foam mount that acts a damper in case of high velocity collisions 
and stabilises the device (c) An electroadhesive patch was designed using interdigitated 
electrodes and normal adhesion pressures were measured across different substrates with 
absolute values of surface asperities mentioned in the parenthesis. Reproduced from [27].  
At this point, applying the potential between the electrodes results in setting up of surface 
charges between the device and the target material. The electroadhesive forces are set and they 
enable the device to stay attached to the target while suspended in air. As the applied potential 
are switched off, the residual charges remain and vary depending on the target material. The 
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weight of the device is also leveraged while programming the control logic and is used to 
facilitate the disengagement of the device.  
The adhesive design consisted of 200 nm thick IDE Cu electrodes that were sputter-coated on 
a polyimide film. Finally, the electrodes were covered by a Parylene C film (~ 10 µm) thickness 
using chemical vapor deposition. Figure 8c  reports the normal adhesion pressures that were 
measured on different substrates using the similar electroadhesive pad at 1000 V [27]. The 
measurements were performed without cleaning the surfaces in between subsequent 
measurements. The variance in the measurements has been attributed to changes in humidity, 
surface contamination with air borne dust particles and alignment. Similar clamping pressures 
were also reported in wall climbing robots [55]. From the perspective of maximising the 
electroadhesive forces, there are four major categories of an electroadhesive system: electrodes, 
dielectric material, target roughness and environmental parameters. 
2.2.1. Electrodes 
Electrode geometry and thickness has been widely studied by different groups [49][41][56]. 
Cao et al modelled [48]  the dependence of the electroadhesive force based on the Maxwell 
stress tensor method. Figure 9a shows a periodic section of a four-layer (I, II, III and IV) model 
consisting of interdigitated electrodes embedded in a dielectric medium and separated by an 
air gap from the target substrate labelled as the wall. The electroadhesive stress 𝜎𝑎𝑑  as a 
function of a dimensionless parameter ‘C’ and geometrical and material properties for such a 




























where 𝐿 = 2𝑏 is the pitch (centre to centre distance between two adjacent electrodes) and 2𝑎 
is the electrode width, 𝑜 denotes the dielectric permittivity of free space, 𝑤 is the permittivity 
of the wall (target substrate) and 𝑐 is the dielectric permittivity of the cover (dielectric layer). 
ℎ1 is the thickness of the dielectric layer and ℎ2 − ℎ marks the gap between the electroadhesive 
pad and the target material. The parameter C is a function of the geometrical parameters, a/b is 
the electrode width/pitch ratio, h1/b is the normalised dielectric layer thickness and t/b is the 
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normalised air gap thickness. ( 𝑐
𝑤)
⁄  represents the material parameters, 𝛷 is the applied 
electric potential. Figure 9b shows that with increasing a/b ratio the electroadhesive force 
increases as a function of ratio of dielectric constants of the dielectric layer to that of the target 
substrate. 
 
Figure 9 Theoretical and experimental results discussing the effect of electrode geometry on 
electroadhesion- (a) Four layer model of the electroadhesive pad consisting of interdigitated 
electrodes embedded in a dielectric layer [48] (b) Variation of parameter C for different 
normalised electrode width a/b when h1/b = 0.02 and 𝑤 = 5 𝑜 (c) Simulation models of 
different electrode patterns [57] (d) Experimental results showing shear pressures measured for 
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Electrode spacing was also varied and studied experimentally by Guo et al. [49] on glass and 
aluminium surfaces. For smaller electrode spacing, higher forces are measured as shown in 
Figure 10. 
Furthermore, electrode geometries such as circular, Hilbert, spiral and comb shape were 
experimentally and theoretically studied to find the optimised values for achieving higher 
electroadhesive forces [57]. The circular pattern performed better than the others when 
adhesion was measured across different substrates as shown in Figure 8d. These studies 
highlight the influence of electrode spacing and electrode geometry on electroadhesive forces. 
For maximising the electroadhesive forces, these adhesives must conform to the target objects 
and ideally there should be no air gap between them. For making complaint adhesive pads, 
electrodes must also be capable of adapting to the topography of the target. In this respect, the 
thickness of electrodes is also critical in obtaining better adaptability without effecting the 
stiffness of the actuator [27][58].   
 
Figure 10 Experimental validation of the relationship between the electroadhesive forces 
obtainable and spaces between the electrodes and its comparison with the theoretical results. 
Reproduced from [49].  
2.2.2. Dielectric Layer 
The electroadhesive force is inversely proportional to the square of the dielectric thickness 
(equation 2. 7). Hence, efforts are directed to manufacture thinner dielectric membranes. On 
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in the target substrate. The fringe fields which form between the target substrate and the 
electroadhesive pad are a measure of the strength of electroadhesion [46][59]. With thinner 
dielectric layers, fringe fields will be stronger leading to higher adhesion. This in turn will limit 
the operating voltages to lower values. Methods such as CVD [27], Langmuir-Blodget films 
[28] have been investigated to fabricate thinner dielectric layers. 
The dielectric constant is the relative permittivity of the dielectric material and depends on the 
degree of polarizability of the material: the higher the dielectric constant, the higher is the 
degree of polarizability of material in the presence of an electric field. According to equation 
2.7, the dielectric constant of the material is also crucial.  Different fillers such as BaTiO3, TiO2 
are doped in elastomeric matrices to achieve high dielectric materials. Filler concentration and 
size are critical for achieving high dielectric constants without trading off adhesion [60][45]. 
2.2.3. Roughness of the target Object  
Real surfaces are not flat. Hence it is critical to address target substrates with varying levels of 
roughness. Ideally a zero-air gap is desired between the target and the adhesive pads to achieve 
higher forces [61][48][43]. Spenko et al [61] combined directional adhesives (silicone 
microwedges) with an electroadhesive pad and measured shear forces on different tiles with 
roughness varying from 10 to 100 μm. Figure 11a shows a hybrid micropatterned 
electroadhesive device with circularly patterned electrodes with microwedges (base width 20 
μm and height 80 μm) [62]. Figure 11b shows the shear stresses in? of the hybrid pad in 
comparison to the microwedges, unpatterned dry adhesive (PDMS) and the electroadhesive 
pad without any microstructures. The hybrid device had better adhesion at roughness higher 
than 50 µm. This was because the directional adhesives conformed better to the roughness and 
this brought the electroadhesive closer to the surface, in turn engaging more of the 
microwedges. Therefore, a positive feedback loop is attributed to the better performance of 
hybrid device. The term shear pressure has been used by the authors [60] [61] . Shear pressure 





Figure 11 Directional microwedges integrated with interdigitated electrodes -(a) Hybrid 
electroadhesive device with microwedges (b) Shear stress as a function of surface roughness. 
On roughness below 10 μm, all adhesive technologies perform closely. For surface roughness 
> 50 μm, hybrid device has highest adhesive pressures. Reproduced from [61].   
2.2.4. Environmental Parameters 
The aforementioned parameters allow precise controllability and optimisation of 
electroadhesive forces. At the same time, environmental conditions such as changes in 
humidity and temperature also play a role and have been known to account for variability in 
measured electroadhesion forces reported in different measurements. 
Graule, M. A., et al [27] discussed several mechanisms behind the influence of humidity on 
measured forces. For flat and polished metal surfaces, a layer of moisture on the surface can 
interact with the adhesive patch via surface tension forces. The authors Graule, M. A., et al 
[27] observed an increase in adhesion  measured on plywood over  a factor of 2 when the 
humidity changed from 10 to 70 % as shown in Figure 12a. On porous surfaces such as wood, 
an absorbed layer of moisture, causing an increase in surface conductivity, was cited 
responsible for enhanced forces. Contrarily, flat, non-porous and hydrophilic surfaces may 



























Figure 12 Effect of Humidity on adhesion (a) The effect of relative humidity on electrostatic 
adhesion on wood. The adhesion pressure on plywood was found to increase with increasing 
relative humidity. Reproduced from [27] (b) Electroadhesive forces measured on the glass 
surface over a 5 day period corresponding to the fluctuations in relative humidity and 
temperature. Reproduced from [49].  
In another study, Guo et al observed the recorded forces to drop by more than 60 % when the 
humidity changed from 64 to 43 % over the course of 5 days as shown in Figure 12b. Thus, 
electroadhesive forces increase with increasing humidity. The effect of environmental 
parameters has been accounted as one of the major reasons for the deviation in measured forces 
and hence a controlled environment is preferred to measure consistent performance. 
2.2.5. Dielectric Constant 
Most of the studies integrating dry adhesives with electroadhesives have been focussed on 
studying shear forces. Authors Akherat, et al. , et al. investigated the hybrid (microwedge + 
electrodes) device by doping the dielectric layer with copper pthalocynanine to ramp up the 
relative permittivity [60]. Figure 13a shows the bilayer design used in this study. The ground 
electrode was separated from the high voltage electrodes with a 25 μm Kapton sheet. Insulation 
rendered this design more robust as it provided resistance to dielectric breakdown. The particle 
size of the filler ranged from 90 to several 100 nm. Different dopant concentrations of CuPy 
were tested. Increasing dopant concentration increased the roughness from 3.7 nm (0 % dopant) 
to 39 nm at 6 % filler concentration. Figure 13b shows the AFM topography for doped 
































































































Figure 13 Bi-layer electroadhesive design and effect of filler on roughness (a) The 
electroadhesive device had a bi- layer design where the high voltage electrodes were separated 
from the ground electrodes with a Kapton sheet. (b) AFM images of the Cu-Pc (Copper 
Phthalocyanine doped elastomeric samples for different weight concentration ratios. The 
surface roughness RMS varies directly with the dopant’s concentration. Reproduced from [60] 
The authors [60] selectively doped the backing layer and then the directional microwedges with 
Copper (II) Pthalocyanine Cu-Pc Figure 14 shows the shear stress of doped dielectric layer in 
the electroadhesive as a function of dopant concentration measured on a medium density fibre 
board (MDF). At an optimum filler weight concentration of 4 %, the relative permittivity was 
double (εr = 4.5 ) as compared to no filler (εr = 2.7). Further rise in the filler concentration 
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resulted in loss of adhesion. This drop in the shear stress values has been explained due to the 
increased surface roughness when filler concentration is increased beyond 4 %. 
 
Figure 14 Shear stress measurements for a flat doped dielectric layer. Shear stresses measured 
on a medium density fibreboard (MDF) for an unstructured bi-layer electroadhesive structure 
with increasing weight concentration of Copper (II) Pthalocyanine Cu-Pc particles. 
Reproduced from [60]. 
Figure 15a shows the shear stress measured on dry wall and medium density fireboard (MDF). 
All the measurements were performed at a potential bias of 5 kV. R1 is the undoped reference 
sample with micropatterned structures. C1 is the doped sample with 4 % filler weight 
concentration. Adhesion enhanced by 1.4 times on the drywall and 3.9 times on MDF. Figure 
15b compares the undoped and doped samples where the elastomer used for micropatterning 
was replaced from Sylgard 184 to Sylgard 170. The latter has a higher dielectric constant and 
therefore, for a dopant concentration of 4 %, an increment in adhesion by 1.9 times was 
measured on the dry wall and 2.4 times on MDF. Without the electroadhesive element, the 
shear stress is higher for Sylgard 184.  
The addition of filler particles not only leads to an increased roughness but also changes the 
mechanical properties of the doped elastomer. As shown in Figure 15c, the microwedges were 
also doped with a 4 % filler concentration. The shear stress increased by 2.4 times on dry wall 
and by 1.5 times on MDF. The mechanical properties were not analysed in case of doped 
microstructures, and therefore could not be compared with doped dielectric layers discussed in 























Figure 15 Shear stress measurements of doped and undoped bi- layer electroadhesives- Shear 
stress measurements on medium density fibre board and drywall substrates (a)R1 is the 
reference undoped micropatterned sample with Sylgard 184 and C1 is the doped 
micropatterned sample (b) Sylgard 170 microstructured undoped sample is the reference R2 
and C2 is the doped Sylgard 170 sample (c) Reference undoped Sylgard 184 sample is 
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All these theoretical and experimental studies were directed at studying shear forces for 
applications like wall climbing robots and aerial micro vehicles. Within the scope of this thesis, 
the focus is laid on studying normal adhesion forces with a micropatterned dielectric.  
2.3. Early attempts to combine electroadhesion & micropatterned adhesives  
 
 
Figure 16 Shear stress measurements for conductive micropatterned adhesives (a) Scanning 
electron microscope image of conductive carbon black filled PDMS microstructures (b) The 
increase in shear strength on drywall, polypropylene and polymethacrylate substrates at an 
electrical potential of 2 kV (c) Concept for using microstructures as electrodes in an 
electroadhesive device. Reproduced from [45] 
There have been few attempts [45] to leverage the advantages offered by electroadhesion and 
combine it with micropatterned adhesives to design an adhesive pad compliant to smooth and 
rough surfaces. Both directional [60] and non-directional micropatterns [45] have been tested. 
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polydimethylsiloxane (PDMS) composites as shown in Figure 16a. They measured shear forces 
on a steel substrate separated by a polypropylene dielectric layer. These measurements were 
made at an applied bias of 2 kV. Figure 16b shows that electroadhesives with conductive gecko 
structures (labelled Fibers) performed better in comparison to the non-conductive adhesives 
(No Fibres) which were in comparison showing higher adhesion than flat unstructured samples 
(PDMS). In this study the conductive micropatterns were used as electrodes separated by a 
dielectric layer from the target object as shown in Figure 16c 
In another study, Spenko et. Al designed a bi-layer electroadhesive integrated with non-
directional (Figure 17a) and directional (Figure 17b) adhesive structures. In order to ramp up 
the net adhesive forces, they increased the dielectric permittivity by doping PDMS with copper 
(II) phthalocyanine. The shear stress measured has been discussed in Figure 15. Both these 
studies measured the shear forces with and without an applied electric field.  
 
Figure 17 Bi- layer structure of micropatterned electroadhesive using(a) Non- directional 
















CaO et al. investigated the effect of different geometrical and material parameters as is further 
discussed in Section 2.2.1 . Furthermore, they modelled the design for integrating gecko 
structures with interdigitated electrodes as shown in Figure 18.  The experimental work in the 
thesis advances the understanding of the subject of combining dry adhesives and 
electroadhesives on normal adhesion.  
 
 
Figure 18 Model design for a micropatterned electroadhesive pad(a) Schematic representation 
of an electroadhesive pad with artificial hairs mimicking gecko structures (shown in blue). 
Reproduced from [48] 
2.4. Switchable Adhesion 
While electroadhesion enables dynamic regulation of the adhesive forces, release mechanisms 
are equally critical for detaching the adhesives for handling and micromanipulation of objects. 
In this context, electroactuation is discussed in the subsequent sections. Depending on the type 
of target object, different technologies are being adopted for handling them [63]. These can be 
summarised in Figure 19. The ability to switch between adhesive and non-adhesive states 
allows greater control in an adhesive system.  
. Thermal [64], magnetic [65], pneumatic [66][67][68], light [11] and mechanical stimuli [69] 
have so far been reported for regulating the adhesion in micropatterned dry adhesives. In order 
to respond to these external triggers, the adhesives must be modified in either their material or 








of liquid crystalline polymers with an azo benzene unit. The device had a micropatterned 
PDMS adhesive layer on the top surface. 
 
Figure 19 Different gripping technologies depending on the object types. Reproduced from 
[63]. 
UV illumination led to photoisomerization of the azo-benzene units, leading to change in shape 
[11] consequently leading to loss of contact between the glass microsphere and the device. As 
shown in Figure 20a, switching off the UV light allowed the adhesive device to restore the 
original shape and return to the adhesive state. Figure 20b shows force time curve of the process 
where the device was in contact with a glass microsphere and then subjected to UV 
illumination. At a distance of 50 μm, UV illumination leads to bending of the structure 
establishing contact with the glass microsphere. Among other routes, pneumatic approaches 
are among the most common. Sitti et al. designed a pneumatic gripper integrated with a 
micropatterned layer of mushroom tip polyurethane pillars[67]. When the device is deflated, 
most of the pillars are in contact with the target material (in this case a steel ball) as shown in 
Figure 20c. On inflating the device, the pillars start to peel and lose contact. In the end only 
few pillars at the centre are still in contact until complete detachment occurs. By controlling 
the air pressure, they demonstrated handling of different curved and flat surfaces. Figure 20d 
shows the peeling process (i-vi) and corresponding detachment of pillars with increasing air 
pressure.  









Figure 20  Fabrication and working of a photo-controllable and a pneumatic adhesive system -
(a) The photo-controllable device consists of a crosslinked azo-benzene containing liquid 
crystalline elastomer unit. At 50 μm, UV light illumination causes the device to expand and 
contact the glass sphere. UV driven preload is measured. When the illumination is switched 
off, the device contracts and detaches from the glass sphere. (b)  Photo-isomerisation leads to 
change in shape of the azobenzene units leading to loss of contact area  Reproduced from [11] 
(c) Fibrillar adhesive device holding a 12. 7 mm in diameter steel ball with complete and 
reduced contact area (d) (i – vi) depict the movement of different pillars once the device is 
inflated. When the device is fully inflated, only pillars at the centre are in contact, Modulating 
the air pressure enables the device to handle flat and curved surfaces. Reproduced from [67] 
2.5. Electroactuation 
The underlying principle in these approaches has been to induce a reversible deformation by 
applying the trigger, which in turn reduces the contact area and thereby weakens adhesion. 
Lately, electrical forces have also been directed to achieve this transition between the adhesive 
and non-adhesive states by using dielectric elastomeric actuators. Two synergistic effects 














namely the Maxwell stress and electrostriction come into play when a dielectric medium is 
subjected to an externally applied electric field.  
Maxwell stress as previously discussed in section 2.1.3 arises from the Coulombic interaction 
between free charges on the surface of the interacting bodies. In the case of dielectric 
elastomers, which are primarily amorphous polymers, Maxwell stress leads to the stretching of 
the polymer chains and is a dominant factor resulting in the deformation [70][71] .  
Electrostriction on the other hand, arises from the polarisation of the material and takes 
precedence in piezo and ferroelectric crystals due their crystalline nature. 
This electro-mechanical coupling  called electrostriction [13][12] distinguishes electrostrictive 
polymers from dielectric elastomers such as silicones. 
2.5.1. Dielectric Elastomeric Actuators 
Electrical fields are capable of inducing deformation in electroactive polymers. This effect of 
Maxwell stress  is exploited in Dielectric Elastomeric Actuators (DEA). DEAs are compliant 
capacitors, consisting of a layer of dielectric film sandwiched between two compliant 
electrodes [72]. Applying a potential bias across the film creates electrostatic attraction 
between the electrodes, in turn compressing the film along the thickness direction. Being 
incompressible in nature, the film expands in area [73].  The operating principle is shown in 
Figure 21. Perline et al. [74] calculated the effective pressure (change in electrostatic energy 
per unit are per unit thickness of the dielectric) as a function of the electric field and the relative 









where, p is the effective pressure  (actuation force per unit area), εo is the permittivity of free 
space, ε is the relative dielectric constant and E is the applied electric field. One of the key 
advantages of the DEA technology as compared to its counterparts is the control over local 
deformations that can be programmed by constraining the film leading to anisotropic 
elongation as desired [75]. In this direction, different multi-segment actuators have been 
designed where the deformation can be selectively controlled in different segments [76]. 
Several different approaches have been employed to achieve in plane and out of plane 
actuation.  
2.5.2. DEA Fundamentals  
I. Conformal Electrodes 
Stretchable electrodes are the key component of a DEA. In order to facilitate typical axial strain 
deformations (10-100 %), and still stay conductive, the electrodes sandwiching the dielectric 
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layer must be stretchable [77][78]. Compliant electrodes avoid stiffening the system. Different 
methods have been explored to fabricate compliant electrodes. These electrodes are either 
carbon based [79] or metallic [80]. 
 
Figure 22 Different approaches for fabricating compliant electrodes: (a) Loose carbon powders 
applied on the elastomeric layer, (b) Carbon particles suspended in the viscous oil, (c) 
Conductive silicone composite by doping carbon particles, (d) Photolithographically patterned 
metallic electrodes, (e) Metallic electrodes deposited on a pre stretched membrane.  Releasing 
the membrane leads to out of plane buckling (f). Reproduced from [78] 
Carbon Electrodes: 
Being dispersed in the form of loose powders (Figure 22a) or integrated in an elastomeric 
matrix (Figure 22c), carbon-based electrodes are among the most commonly used electrodes. 
While loose powders can be easily spray coated or brushed, they do not ensure homogenous 
coverage and long-term stability.  
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Figure 23 Parametric space for making conductive inks (a) Schematic representing the 
percolation threshold for conductive fillers as a function of filler concentration (b) Parameter 
space for conductive injectable inks for DEA applications. Reproduced from [78]. 
Conductive carbon particles are also embedded in elastomeric matrices to make composite 
blends. The stiffness of the composite is governed by the filler size and concentration. 
Percolation theory broadly explains the electrically conducting behavior of conductive 
composites [67]. When the filler content is gradually increased, the composite undergoes an 
insulator-to-conductor transition. The critical filler content at this transition is referred to as the 
percolation threshold [69]. The formation of continuous electron paths or conducting networks 
(Figure 23 a) leads to a sharp increase in conductivity. In order to adapt these carbon fillers to 
large scale applications and to make them processable for roll to roll manufacturing and inkjet 
processes, they can be processed into conductive inks. Figure 23 b represents the desirable 
properties for preparing conductive inks for DEA applications. 
Metallic electrodes: 
Three different methods have been tested [81] [82] to deposit metallic electrodes without 
significantly stiffening the system and hence lowering the strain output. Metal electrodes are 
sputter deposited on elastomers. These can be later patterned by photolithography to create 
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the direction of patterning. Other approaches involve pre-stretching the membrane prior to the 
deposition of electrodes [81] (Figure 22 e) . Releasing the membrane leads to out of plane 
deformations. Depositing electrodes on wavy silicone mold for creating corrugated surfaces 
has also been positively investigated [82] (Figure 22f ).  
II. Dielectric Material 
The strain across the thickness of the dielectric membrane in a DEA (Figure 21) is 







where Y is the Young’s modulus of the elastomer, and z is the thickness of the membrane. Soft 
elastomers like silicones, acrylic or polyurethane are most commonly used across different 
DEA applications. For applications that require high strains (> 10 %), acrylics are preferred 
over silicones [83]. On the other hand, silicones are better suited where fast electromechanical 
response with high reproducibility is needed [84]. S. Michel, et al. compared the Dow Corning 
silicone (DC 3481) and acrylic polymers VHB 4910 and F- 9473PC. Figure 24 shows the 
DMTA results for the two polymers. The moduli and phase shift were measured in the 
temperature range from -150 ⁰C to 150 ⁰C. The mechanical efficiency of the actuator is a 
function of the tangent of the phase shift [83].  
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where µm is the mechanical efficiency, δ is the phase shift, G
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Figure 24 Torsional DMTA results of silicone DC 3481 and acrylic VHB 4910 elastomers. 
Reproduced from [83]. 
Although silicones have fast electromechanical response, their permittivity is typically low. 
Figure 24 shows the glass transition temperature of silicone and acrylic elastomers. The 
silicone has a narrow peak at -38 ⁰C as opposed to a broad peak in the acrylic elastomer seen 
at  -6 ⁰C. Silicones have a comparably smaller glass transition temperature range. Figure 25 
shows the different elastomers that have been investigated for applications in DEA.  
Different fillers such as BaTiO3, TiO2 and others have been added to different elastomeric 
matrices. However, high filler concentrations also influence the mechanical properties of the 
dielectric, thereby increasing the stiffness of the system. Wacker Chemie AG has manufactured 
silicones by covalent modification of the siloxane polymer chain. With polymers such as 
Elastosil 5020 and Elastosil 2030 along with high permittivity, the Young’s modulus can be 
tuned between 0.1 and 2.5 MPa [85]. Other high permittivity polymers have also been 

















Figure 25 Schematic overview of the silicone dielectric elastomeric materials. Reproduced 
from [84]. 
III. Mechanical Pre-stretch 
A DEA actuator undergoing deformation in the presence of  a voltage is subjected to different 
modes of instabilities [87]. As soon as the voltage bias is applied, the dielectric membrane is 
compressed in the thickness region. As the thickness decreases, the same electric field is now 
acting across the reduced thickness intensely compressing it further. This instability is called 
the pull-in instability and is marked by λC in Figure 26. At higher strains, when the DEA passes 
the point of pull-in instability, it operates in a regime marked by red, termed as the snap- 
through instability until the point of complete elongation of the polymeric chains. λlim marks 




Figure 26 Instabilities in a dielectric actuator undergoing deformation in an applied electric 
field. Under an applied voltage, the dielectric elastomer fails at the pull-in instability at λc or 
snaps to a thinner state near λlim. Reproduced from [87]. 
By mechanically pre-stretching the membrane, the dielectric membrane stiffens, and the DEA 
operates in the thinner and stiffer region with a constant deformation until electrical breakdown 
occurs. Moreover, as prestreching reduces the thickness of the dielectric, the operating voltage 
is also reduced, which is desirable in all DEA applications.  
2.5.3. Actuator Configurations 
There are two main configurations of elastomeric actuators [88][89]: stack and membrane 





Figure 27 Actuator Configurations: Stack or contractive actuator and membrane or expanding  
actuator. Reproduced from [88]. 
I. Stack Actuators 
The principle of DEA operation has been described in section 2.3.1. The earlier applications of 
DEA exploited the in-plane expansion of the dielectric membrane. However, the compression 
of the film along the thickness has also been explored by designing stack actuators. Stack 
actuators consist of layers of DEA which are alternately biased by electric fields. Therefore, 
mechanically they are connected in series and electrically parallel. As soon as the electric field 
is applied across the stack, the entire stack compresses. The net deformation achieved in a stack 
actuator is the sum of contraction of individual modules [90].  Different approaches have been 
tried for combining these single membranes into stacks. Schlaak et al. [91] developed a process 
where they heat cross linked silicone followed by deposition of electrodes via a shadow mask. 
This process could be repeated alternately to create a stack of up to 100 layers. Figure 28 shows 
the working of a stack actuator. The design consists of layers of dielectric films sandwiched 
between films of alternate polarities and requires passive area around the sheets for actuation. 
Actuation strains in the range of 5-20 % have been reported. 
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Figure 28 (a), (b) Layerwise composite structure of the stack DEA and its fabrication process. 
It is composed of alternating electrode and DE film layers. Reproduced from [88] (b-h) 
Fabrication process of stack DEA.(c) The mold for the micropatterns is filled with uncured 
silicone (d) Thermal curing of elastomer (e) The electrodes are spray coated (f) followed by 
spin coating of the subsequent dielectric layer (g) Thermal curing of the elastomer layer (h) the 
process is repeated until the desired number of layers have been stacked. Reproduced from 
[91]. 
II. Membrane Actuators 
In membrane actuators the actuation takes place in the direction transverse to the applied 
electric field. Typically, these actuators are biaxially pre-stretched or biased with external 
elements to generate considerable strain [92]. Membrane actuators can further be classified as 
in plane and out of plane actuators. Circular In plane DEAs [93] (expanding circle DEA), Ring 
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actuators. Cone actuators or Circular Out of Plane actuators represent the out of plane 
membrane actuators.  
2.6. DEA Applications: Pick and Place 
A brief overview of these configurations demonstrates the flexibility of design that is possible 
with DEA. These mechanisms have been used for different applications ranging from tunable 
lenses [94] to 2D mechanical simulation for cell culturing [95], for loudspeakers [96] to 
vibrotactile haptic devices [97]. 
Use of DEAs has lately been also directed towards grippers for pick and place applications. 
Schlaak et al [91] working with dielectric stack actuators, combined their actuators with dry 
patterned adhesives to design a switchable strategy for handling glass wafers as shown in 
Figure 29. At an applied bias of 2.5 kV, they could release a glass wafer weighing 12 g in 1s. 
They maximised the thickness compression by incorporating a stack of 60 dielectric layers in 
their device. 
 
Figure 29 Stack actuator integrated with micropatterned adhesive layer (a) The prototype for 
stack actuator integrated with micropatterned structures. (b) Experimental set up to test the 
handling of the glass wafer using the stack DEA. Reproduced from [91]. 
 
In another design, Gao et al.[98] combined electroadhesion for gripping and resonant action of 
DEAs for releasing different surfaces [98].  They investigated the adhesion and release on 
different lightweight materials such as polypropylene, Mylar (common packaging material) 
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Figure 30 Design and operation of a device gripping via electroadhesion and releasing via use 
of out of plane actuation of a DEA (a) Square wave frequency from 1 to 60 Hz with applied 
voltages ranging from 3.5 kV to 6 kV (b) Release period without DEA oscillator (blue) and 
with DEA oscillator (red) (c) Oscillation profile at 8 Hz (d) Oscillation profile at 20 Hz ( e) 
Oscillation profile at 55 Hz (f) Electroadhesive gripping mode (g) DEA release mode (h) 
Selectively engaging the electroadhesive and DEA oscillatory mode for handling of Kapton 
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By incorporating DEA vibration in the device, the release times were reduced to a few ms as 
compared to few min. Figure 30a depicts the DEA stroke as a function of actuation voltage and 
frequency. At 3.5 kV, the fundamental frequency stroke peak is observed at 18 Hz. However, 
with increasing voltages, a second harmonic is observed at 35 Hz. The authors reported that 
with increasing voltage, the amplitude and the frequency of the second peak increased which 
led to shorter release times. Figure 30f shows the state in which the DEA is switched off and 
only the Electroadhesive gripping mode is enabled; Figure 30g depicts the release mechanism 
with the resonant DEA mode. Figure 30 h depicts the pick and place process of a Kapton film. 
Figure 30b shows the release times when the release process was solely determined by 
electroadhesion as compared to tapping in resonant vibration of DEAs. DEA assisted release 
allowed to shorten the release times by over two orders of magnitude compared to non-DEA 
release [98]. 
Both the above approaches leverage out of plane actuation of DEA as release mechanisms. Few 
approaches have also been reported using membrane actuators, which can bend uniaxially, and 
beam bending has been explored for such pick and place applications. One of the methods to 
ensure uniaxial elongation in DEAs has been to pre-stretch and confine the dielectric films in 
rigid frames. Frames add additional weight and complexity to the design. Shian et al, combined 
fibres with the dielectric film to break the symmetry and steer the bending direction along the 
direction of the fibres [75]. The design consisted of a bilayer where the active dielectric layer 
was combined with a passive layer and the fibre was located at the interface of the active and 





Figure 31  Schematic showing the position of fibres in a  bi layer actuator and pick and place 
by controlling the bending direction (a) Finite element simulations of a bi layer structure 
consisting of a passive elastomer sheet bonded to a voltage actuated elastomer (L/H = 25, fibre 
width and heights (H/10). The lower image shows the cross-sectional view showing the 
location of the fibre and the bending moment (b) and (c) Handling of curved and soft materials 
by uniaxially bending the DEA. Reproduced from [75] 
These fibres were able to break the four-fold symmetry and, depending on their location, to 
control the direction of beam deflection. Figure 31(b-c) shows uniaxial deformation of DEA 
for picking up a curved cylinder, a soft grape and horizontal wrapping up of a wooden structure.   
Vertical grippers designed by Shea et al [59] were another prototype that combined 
electroadhesion and electrostriction for regulating the pick and place processes as shown in 


















Figure 32 Structure and working of a compliant vertical gripper (a) The DEA part of the gripper 
consists of pre-stretched DEA bonded to passive layers. At 0 V, the structure is curled up and 
on applying Voltage across the top and bottom layers, uncurls the DEA to a flat configuration 
(b)  Same voltage is applied between the top and bottom electrodes but these are laterally offset 
so that there is a high electric field normal to the membrane and strong fringe fields at the 
boundaries as shown by the arrows. Reproduced from [59]  
Their 4-electrode configuration allowed them to selectively tailor either individual 
electroadhesion or DEA gripping mode or simultaneously activate both. The design flexibility 
provides a huge scope for modulating forces and bending moments.  
2.7. Challenges: Electroadhesion and Electrostriction Devices 
The dynamic controllability offered by electric fields has made them attractive for modulating 
adhesion. While sections 2.3 and 2.4 discuss the scope of engineering electroadhesive and 
electrostrictive forces, there still exist some challenges that are limiting the application of these 
technologies.  
2.7.1. High operating Voltages 
It is observed that adhesive forces and actuation pressures increase with increasing voltage and 
are only limited by the dielectric breakdown strength of the material. However, in order to 
adapt these technologies for practical applications and safe operation, there is a constant need 
for reducing the driving voltages without compromising the output forces and actuation 
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membranes. Several methods such as pad printing [99], Langmuir blodgett films [28], 
molecular beam deposition (MBD) [100], have been explored to print films in the micrometre 
thickness range and the driving voltage has been reduced to a few 100 Volts. By reducing the 
thickness of the dielectric membranes, the stiffness effect of the deposited electrodes becomes 
more pronounced. Thus, a balance is needed to ensure mechanical stability of thin films to 
produce reliable strains at low operational voltages.  
Another route to achieve high adhesion stresses at low voltages, is to employ dielectric 
materials with high permittivity [85][86]. Use of fillers such as TiO2, BaTiO3 and covalent 
modification of the polymer chains has been investigated. Kim et al. designed a soft 
nanocomposite electroadhesive ( SNE)  that operates at 30 V  [101] . As shown in Figure 33, 
the device consists of forests of vertically aligned multiwalled carbon nanotubes (CNTs) grown 
on conductive electrode TiN, conformally coated by a layer of dielectric Al2O3 all in the nm 
range. Figure 33a shows the measurement, using a colloidal AFM tip, of the forces between 
the nanocomposite electroadhesive and a spherical 4 μm diameter Pt-coated spherical tip. The 
fibres show a low intrinsic adhesion which is enhanced more than 100 fold by applying 30 V 
to the CNTs. The authors demonstrated the micromanipulation of an unpackaged light emitting 
device (LED) chiplet. Figure 33c shows the map for the object range possible to be picked and 




Figure 33  Pick and place of micro-objects using a soft nanocomposite electroadhesive device 
(a) Schematic of the pull off measurement system using a colloidal AFM having a Pt coated 
spherical tip. Inset shows the Pt coated tip (b) Force displacement curves without (red) and 
with (blue) applied voltage (c) A micro pick and place map for the target object range at 30 V 
and 100 V. Reproduced from [101] 
2.7.2. Residual Charges 
While such scaling strategies help in achieving low operating voltages, residual charges pose 
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difficult for rapid and complete removal of the residual charges since charges cannot freely 
migrate in a dielectric. The time taken for these charges to dissipate is a function of the 
dielectric relaxation time. Different strategies are being directed to overcome these residual 
charges for easy release of the target materials such as using  passage of air jets [102], polarity 
reverse control [103] and use of resonant vibration of DEAs [98].  
2.8. Objective of the thesis 
As discussed in Section 2.3, dry adhesives are actively researched in combination with 
electroadhesives [45][61][60][104]. These studies have been focussed on measuring shear 
strength as they are targeted at applications such as wall climbing robots [58] and soft grippers 
[75]. Both the technologies work in vacuum but are sensitive to the environmental conditions, 
thus requiring controlled environments (humidity and temperature). These studies have also 
shown that the two technologies are complementary to each other.  
With these developments in the field, the objective of the first part of the thesis was to integrate 
dry adhesives with electrodes to fabricate an electroadhesive and characterize the contribution 
to normal adhesion by building an inhouse electroadhesion measurement setup. The details are 
discussed in Chapter 3, where tuning the adhesion of micropatterns by superimposing DC 
electrical fields was experimentally demonstrated. A theoretical and numerical model was also 
developed in cooperation with TU Eindhoven to discuss the dependence of electroadhesive 
forces on applied voltages.  
The second part of the thesis focusses on triggering detachment of micropatterned adhesives 
by inducing shear via Dielectric Elastomeric Actuators. The detachment process is critical for 
placing the objects during automated assembly. Challenges such as presence of residual 
charges make it difficult to overcome the existing adhesion between the target substrate and 
the adhesive pad. Within the scope of this thesis, we discuss a novel method where the uniaxial 
deformation of DEAs is used to induce shear detachment of the microfibrils. This approach 





Chapter 3: Enhancing dry adhesion of 
polymeric micropatterns by electric fields* 
3.1. Abstract 
Micropatterned dry adhesives rely mainly on van der Waals interactions. In this paper, we 
explore the adhesion strength increase that can be achieved by superimposing an electrostatic 
field through interdigitated subsurface electrodes. Micropatterns were produced by replica 
molding in silicone. The adhesion forces were characterized systematically by means of 
experiments and numerical modeling. The force increased with the square of the applied 
voltage for electric fields up to 800 V. For larger fields, a less-than-quadratic scaling was 
observed, which is likely due to a small, field-dependent electrical conductivity of the materials 
involved. The additional adhesion force was found to be up to twice the field-free adhesion. 
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Temporary adhesive contacts between solid bodies can be achieved using various techniques 
and promote attractive alternatives to mechanical grippers for continuous automatic handling 
and assembly. To date, vacuum grippers are widely used in pick-and-place applications with 
high precision in positioning[105]. Mechanical, magnetic and electromagnetic grippers offer 
alternatives for specific applications, but are used less frequently. A novel approach is the 
utilization of micropatterned adhesives [106]–[109]. Their performance relies mainly on van 
der Waals interactions and contact mechanics, which are controlled by mechanical properties 
and the proper design and arrangement of the microstructures in the adhesive array [110]–
[112]. 
Pick-and-place applications necessitate a controllable switch between a high (pick) and a low 
(release) adhesive regime. Several examples of external stimuli for switching adhesion of 
micropatterned adhesives have been reported, including compressive loads [113], [114], 
heating [115], [116], magnetic fields [117], [118], pneumatic control [109], [119], and UV 
exposure [11]. Almost all mentioned strategies require specific designs or material selection, 
which potentially limit the range of application. In addition, most concepts allow switching 
between "on" and "off" states, but no specific adjustability to the required adhesion 
performance. 
An approach to control adhesion during operation is electroadhesion. Electroadhesion 
functions for both conductive and insulating targets [120]–[122] and is, for example, used in 
semiconductor wafer handling [123] or microhandling [124]. Electroadhesion devices typically 
make use of interdigitated electrode arrays to maximize the spatial extent of regions with high 
electric field strength and high field gradients [121]. The traditional electrostatic models predict 
a dependence of the electroadhesion force on the square of the applied voltage difference [125]. 
Recently, electroadhesion has been combined with micropatterned adhesives for applications 
such as wall climbing robots [58] and flexible grippers [126]. Spenko et al. and Menon et al. 
have successfully demonstrated that the combination of both concepts improves shear 
adhesion, as the normal force induced by electrical fringe fields forces closer contact with 
higher friction [45], [127]. 
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The objective of the present paper is to study the influence of superimposed electroadhesion 
on the normal adhesion of polymeric micropatterns. Details of the experimental setup and the 
electroadhesion device fabrication will be described in Section 2, the experimental results in 
Section 3. A description of theoretical models both for electrically insulating and electrically 
conductive materials will be given in Section 4, followed by an in-depth numerical evaluation 
of the models and a comparison with the experimental data in Section 5. 
3.3. Materials and Methods 
3.3.1. Device Fabrication 
For the micropatterned electro adhesive device, micropatterned polymeric films were 
transferred onto interdigitated comb electrodes. The micropatterns consisted of cylindrical 
pillars with diameter and height of 7 µm (aspect ratio 1:1). The fabrication included three 
replication steps. In the first step, a lithographically patterned silicon wafer with holes (negative 
master template) was replicated using polydimethylsiloxane (PDMS, Sylgard 184, Dow 
Corning, Midland, MI, USA). PDMS was prepared by mixing ten parts of the base material 
with one part of the curing agent using a speed mixer (DAC600.2 VAC-P, Hauschild 
Engineering, Hamm, Germany) at 2350 rpm for 3 min. In the second step, a replica structure 
made of UV-curable perfluoropolyether-dimethacrylate (Fomblin MD40, Solvay, Bollate, 
Italy) was obtained. The pre-polymer contained 0.5 wt% of a photoinitiator (2-hydroxy-2 
methyl-propiophenone, Sigma Aldrich, Taufkirchen, Germany). The mixture was poured over 
the first PDMS template and covered with a microscope glass slide. The pre-polymer mixture 
was exposed to UV (wavelength 365 nm, Omnicure S1500, Excelitas Technologies) in a 
nitrogen atmosphere for 5 min. The cured structure was carefully peeled and served as template 
(negative) for the fabrication of the micropatterned adhesive films made from 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA). PDMS was 
prepared as described above. The mixture was poured over the MD40 template and covered 
with interdigitated electrodes (IDEAU200, Deutsche METROHM GmbH & Co. KG, 
Filderstadt, Germany). Prior to this, the electrodes were treated with oxygen plasma for 3 min 
in order to promote the adhesion of the silicone film to the electrode surface. Electrodes had a 
width of 220 µm and a gap between oppositely charged electrodes of 160 µm. A fixture was 
used to clamp the template, the electrodes and the intermediate liquid PDMS layer to set the 
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desired backing layer thickness of the micropatterned film. The whole setup was placed into 
an oven, thermally cured at 95 °C for 20 min and finally demolded. 
The micropatterned electro adhesive device was fabricated by combining an elastomeric 
micropatterned film with an interdigitated comb electrode array as shown in Figure 34. The 
diameter and height of the micropillars were 7 µm. The pillars were arranged hexagonally with 
a center-to-center distance of 14 µm, which is one order of magnitude smaller compared to the 
width (220 µm) and distance (160 µm) between the electrodes. The backing layer was 55 ±
5 µm, which is one order of magnitude larger than the pillar height. Thus, we assume that the 
characteristics of the electrical fringe field were not influenced by the spatial orientation of the 
pillar array in relation to the direction of the electrodes. 
3.3. Electroadhesion Setup 
The normal adhesion was characterized using a custom built setup. A spherical glass lens with 
a curvature radius of 15.5 mm (Edmund Optics GmbH, Mainz, Germany) was used as probe. 
The probe was mounted to a load cell (KD 34s ME-Meßsysteme, Hennigsdorf, Germany) to 
measure normal forces. Probe and load cell were displaced using a linear stage (Q-545 Q-
Motion, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany). The micropatterned 
electro-adhesive device was mounted below the probe and connected to a DC high-voltage 
power supply (HCN 14-3500, FuG Electronik GmbH, Schechen, Germany). A LabVIEW 
program was developed to control the electro-adhesion setup. To reduce residual charges in 
adhesion measurements in the presence of an electrical field, probe and adhesive film were 
treated by an antistatic gun upon each measurement (Zerostat 3 Anti-Static, SPI Supplies, 
Glasgow, UK). All experiments were performed in a laboratory with controlled temperature 
and relative humidity (RH) at 21 °C and 50±5 %. 
During approach, the spherical probe was brought in contact with the adhesive film. At 
maximum indentation depth, the compressive preload was highest. This position was held for 
1 s, before the probe was retracted. In all experiments, approach and retraction velocities were 
1 µm/s. The displacement of the probe, 𝑢, was calculated as follows: 𝑢 = 𝑢𝑀 − 𝐹/𝑘, where 
𝑢𝑀 is the displacement of the motorized stage, 𝐹 is the force and 𝑘 = 6.17 kN/m is the 
machine stiffness. The absolute value of the maximum adhesive force at detachment was 
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defined as pull-off force. Pull-off forces were converted into pull-off stresses by dividing them 
by the projected contact area 𝐴𝑝 at maximum compressive preload. The projected contact area 
was calculated by the geometrical formula 𝐴𝑝 = 𝜋 (𝑅
2 − (𝑅 − 𝑢𝑝)
2
), where 𝑅 = 15.5 mm is 
the curvature radius of the probe and 𝑢𝑝 is the distance from contact to maximum indentation 
of the probe into the micropatterned film. 
 
Figure 34 The micropatterned-electro adhesive device. (a) Illustration of the basic set-up. A 
micropatterned adhesive film was generated via replica molding and, subsequently, deposited 
on the interdigitated comb electrodes. (b) Schematic of the adhesion test setup. During the test 
a spherical glass probe was attached (approach) and detached (retraction) at different applied 
voltages. Normal forces 𝐹 and displacements 𝑢 were recorded. (c) Scanning electron 
micrograph of the micropatterned-electro adhesive device. The inset 
3.4. Experimental Methods 
Results of adhesion tests for different applied voltages are shown in Figure 35. Figure 35a 
compares results with (1.8 kV) and without (0 kV) applied electrical field. Without applied 
field (black curve), the normal force was zero before the probe contacted the micropatterned 
surface (𝑢 ≥ 0 µm). Contact was established by pressing the probe into the adhesive film 
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(indentation) up to a preset displacement of -2.3 µm. At that position, the maximum 
compressive preload of 30 mN was achieved. Upon holding for 1 s, the probe was retracted. 
The probe detached from the surface at a maximum tensile force of -7 mN, i.e. a pull-off force 
of 7 mN. This pull-off force must be attributed to van der Waals interactions. 
In the presence of an electrical field (red curve), the probe already experienced an attractive 
force before contact (for 𝑢 ≲ 70 µm). At contact, the attractive force due to the electrical field 
was -5 mN. The maximum compressive preload reduced apparently to 25 mN for a similar 
indentation of -2.3 µm in relation to the experiment without electrical field. The attractive 
electrostatic force further caused earlier contact at 𝑢 = 1.1 µm. This effect is related to the 
elastically deformable setup with a machine stiffness of 6.17 kN/m and constant motor 
displacement for all measurements. The pull-off force was 12 mN. Upon detachment, the force 
gradually decreased with increasing distance between the probe and the adhesive, similar to 
the approach. The slightly higher attractive force (about 1 mN) during retraction compared to 
the approach is most likely related to residual charges upon separation of contact. 
Figure 35b shows the pull-off force as a function of the net preload (i.e. the sum of the negative, 
compressive mechanical preload and the positive, attractive electroadhesion) for various 
applied voltages. The pull-off forces increased with the applied voltage and at 2 kV were twice 
as high as at 0 kV. With increasing voltage, the net preload decreased for constant 
displacements due to increasing electrostatic attraction between the adhesive and the probe. 
Although the probe was spherical, pull-off forces were insensitive to preload, as all 
measurements were performed in saturation conditions, i.e. pull-off force was insensitive to 
preload [128]. Figure 35c summarizes the pull-off forces in terms of applied voltages. Pull-off 
forces and stresses increased with increasing electric fields, which suggests that the 
electrostatic forces superimpose on the van der Waals forces. Compared to the field-free case, 
a typical enhancement of adhesion by the factor 2 was achieved at a voltage of 2 kV. It is 
notable that the adhesion force or stress appeared to increase parabolically, as expected 
theoretically,only up to about 800 V; above this value an approximately linear relationship with 
applied voltage was found. 
Importantly, the electrostatic force contributed to the contact formation of the probe with the 
adhesive, which led to a reduced net preload although the displacement from first contact to 
56 
 
maximum indentation was kept constant. Thus, the net preload reduced with increasing voltage 
as shown in Figure 35d. For small indentations such as 0.9 µm, the net preload turned negative 
for voltages larger than 1.5 kV. Here, the requisite compressive force of the probe to adhere to 
the surface was realized solely by electrostatic forces without mechanical compression.  
 
 
Figure 35 Electroadhesion results. (a) Force-displacement curves for 0 kV (black) and 1.8 kV 
(red). Positive and negative forces are compressive and tensile forces, respectively. The inset 
presents data close to the contact of the probe with the micropatterned adhesive film. Arrows 
indicate the path during approach and retraction. (b) Pull-off forces in terms of net preloads for 
various applied voltages. Dashed lines highlight data for constant indentations. (c) Pull-off 
force (solid squares) and pull-off stress (open circles) as function of the applied voltage. The 
solid and the dashed lines illustrate quadratic and linear functions, respectively. (d) Net preload 




3.5. Theoretical Models 
The experimental results suggest that the achievable adhesion force was enhanced by a 
switchable electric field-induced force exerted on the probe. Below we present theoretical 
models for different types of materials as well as their numerical implementation to predict the 
steady-state values of the electroadhesion force. The boundary conditions are introduced in 
section 3.5.6. We used the finite-element software Comsol 5.2. 
3.5.1. Electrostatic Interaction – Insulating Materials 
We first consider a stationary electrostatic system that is composed of purely dielectric, i.e. 
electrically insulating, materials. The electric field distribution is governed by Poisson’s 
equation  
∇ ∙ ( 0 𝑟∇𝑉) =  −𝜌 
3. 1 
where 𝑟 is the relative permittivity of the respective material, 0 the vacuum permittivity, 𝑉 
the electric potential, and 𝜌 the volume charge density. We assume the dielectric materials to 
be linear, non-dissipative, isotropic, and homogenous. We assume all material properties to be 
independent of elastic deformations. Moreover, we assume all surface and volume charge 
densities to be zero, except at the surface of the electrodes in all simulations pertaining to this 
section. The electrical potential is continuous at all interfaces, which implies the continuity of 
the tangential component of the electric field vector. The normal component of the electric 
field vector is discontinuous at the interface between two materials 𝑎 and 𝑏 according to  
𝑛 ∙ ( 𝑎𝐸𝑎 − 𝑏𝐸𝑏) = 0 
3. 2 
    (2) 
where 𝑛 is the unit normal vector of the interface pointing from material 𝑎 to material 𝑏 and 𝐸 
is the electric field vector. 
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3.5.2. Bulk-Conductive Materials 
We now consider all materials to have a non-zero electrical bulk conductivity 𝜎. This is 
motivated by the fact that, in the experiments, the electric field strength is comparable to or 
even above the dielectric breakdown strength of air of approximately 3 MV/m. At such high 
electric fields many materials that are normally considered electrically insulating actually 
behave as weak conductors. This applies to air, the elastomer and possibly also the glass [129]–
[131].  
Assuming no external currents, we solve the continuity equation in steady state 
∇ ∙ 𝐽 = 0 
3. 3 
 (2) 
where according to Ohm’s law the bulk current density is given by 𝐽 = 𝜎𝐸. eq. 3. 3 is equivalent 
to 
∇ ∙ (−𝜎∇𝑉) = 0 
3. 4 
 (3) 
We assume 𝜎 to be homogenous in all materials except air, where we consider the conductivity 
to be dependent on the local electric field, as discussed in section 4.4. The electrical potential 
is continuous at all interfaces. The normal component of the electric field vector is 
discontinuous at the interface between two materials 𝑎 and 𝑏 according to 
𝑛 ∙ (𝜎𝑎𝐸𝑎 − 𝜎𝑏𝐸𝑏) = 0 
3. 5 
     (5) 
which represents the continuity of the normal component of the bulk current density. 
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3.5.3. Surface-conductivity of Glass-Air Interfaces 
In our experiments, we used glass lenses as probes. The electrical bulk conductivity of glass at 
room temperature is almost unmeasurably small, i.e. essentially zero [132]. However, there is 
a significant electrical surface conductivity due to moisture adsorption that must be taken into 
account [133]–[136]. 
The surface conductivity is implemented by assuming an ultralow bulk conductivity of the lens 
(10−30 S/m) and an additional interfacial condition at the glass-air interface 
𝑛 ∙ (𝐽𝑔𝑙𝑎𝑠𝑠 − 𝐽𝑎𝑖𝑟) = 𝑛 ∙ (𝜎𝑔𝑙𝑎𝑠𝑠𝐸𝑔𝑙𝑎𝑠𝑠 − 𝜎𝑎𝑖𝑟𝐸𝑎𝑖𝑟) = −∇𝑠 ∙ 𝑗𝑠  
3. 6 
(6) 
where ∇𝑠 is the surface gradient operator, 𝑛 the unit normal vector of the interface pointing 
from glass to air [137]–[139].  Eq. 3. 6 represents charge conservation across the glass-air 
interface and relates a discontinuity in the bulk current density to the surface divergence of the 
surface current density 𝑗𝑠 = 𝜎𝑠∇𝑠𝑉, where 𝜎𝑠 is the surface conductivity. At all other interfaces, 
eq. 3. 5 holds. The electrical potential is continuous at all interfaces. 
3.5.4. Variable Air Conductivity 
At very high electric fields approaching the dielectric breakdown limit, the electrical 
conductivity of air 𝜎air is dependent on the electric field strength. Carlon has measured the 
electrical conductivity of air at very high relative humidities RH ≥ 66 % [140]. It was found 
that 𝜎air was constant for low fields and increased rapidly for |𝐸| exceeding a certain threshold 
value 𝐸c. The blue symbols in Figure 3 below are extracted from his measurements for RH =
66 %. In this case, 𝐸c is approximately 0.1 MV/m, which is substantially lower than the 
breakdown strength. He also observed very strong humidity dependence of the low field 
conductivity. Several groups reported low field conductivities of air between 1 and 100 fS/m, 
depending on the geographic location, air pollution and atmospheric conditions [129], [130], 
[141], [142]. Because quantitative measurements of field-dependent conductivity are scarce, 











where 𝜎0 is the zero-field air conductivity, 𝐸c is a critical field strength below which 
conductivity is constant and above which it increases, 𝐸0 = 0.1 MV/m defines the width of the 
transition region and 𝑠𝐿 defines the slope. Curves of 𝜎air(𝐸) for different values of 𝐸c and 𝑠𝐿 
are illustrated in Figure 36. We assume 𝜎0 = 4 fS/m as standard laboratory conditions usually 
correspond to relatively dry air (RH 30 to 40%) [129]. It is seen that the empirical relation 
gives a smooth transition between the constant and linear regimes. 
 
 
Figure 36 Models for the electric field-dependence of the air conductivity (see eq. 3. 5). Solid 
lines vary the slope 𝒔𝑳 for threshold value 𝑬𝒄 = 𝟑 𝐌𝐕/𝐦, dashed lines vary 𝑬𝒄 for 𝒔𝑳 =
𝟏 µ𝐦/𝐕. The dash-dotted red line was found to match experimental results with 𝑬𝒄 =
𝟏𝟒. 𝟒 𝐌𝐕/𝐦 and 𝒔𝑳 = 𝟓 µ𝐦/𝐕. Blue symbols are extracted from measurements of Carlon for 
moist air (𝐑𝐇 = 𝟔𝟔 %) [140]. 
3.5.5. Electroadhesion force 
The electroadhesion force 𝐹𝑒𝑠 acting on a target object in a non-uniform electric field is derived 
from the Maxwell stress tensor 𝑇𝑖𝑗, given as 
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𝑇𝑖𝑗 = 𝐷𝑖𝐸𝑗 −  
1
2





     (8)   
where 𝐸𝑖  ≡  −𝜕𝑉/𝜕𝑥𝑖 is the electric field, 𝐷𝑖 ≡  0 𝑟𝐸𝑖 is the electric displacement field and 
𝛿𝑖𝑗 is the Kronecker delta. At a boundary between two materials of different permittivities such 
as glass and air, the stress tensor 𝑇𝑖𝑗 is discontinuous, which causes a mechanical force density 






     (9) 
The Maxwell stress vector 𝑆𝑖 represents the electromechanical coupling. The total 
electroadhesion force is calculated by integrating 𝑆z over the surface area 𝐴 of the lens: 
𝐹𝑒𝑠 = ∯ 𝑆𝑧d𝐴. 
3. 10 
      (10) 
 
 
3.5.6. Computational domain, boundary conditions and material properties 
Figure 37 shows the model geometry. A glass lens is positioned above the electrode array. The 
width and length of the electrode array is 𝑤𝑎 = 2𝑏(𝑛 − 1) + 2𝑎 with 𝑛 interdigitated stripe 
electrodes of width 2𝑎 and period 2𝑏 (Figure 37a). The electrode array is deposited on a 
ceramic substrate with thickness ℎ𝑐 = 3 mm, relative permittivity 𝑟 = 10 and conductivity 
𝜎 = 100 fS/m. The array is covered with an elastomer layer of thickness ℎ𝑒 = 55 μm, relative 
permittivity 𝑒 = 2.5 and conductivity 𝜎𝑒 = 25 fS/m. The elastomer is covered with a 
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hexagonal array of cylindrical micropillars. As the pillars are too small to be considered 
individually, we use an effective medium approximation. The effective medium has a thickness 
equal to the pillar height ℎ𝑝 = 7 μm. Its permittivity and conductance are derived from that of 









≈ 0.227 is the pillar array volume filling ratio, 𝑟𝑝 = 3.5 μm is the pillar 
radius and 𝑠𝑝 = 14 μm the spacing of the pillars. The glass lens has a relative permittivity 𝐿 =
5, conductivity 𝜎L = 1 pS/m, radius of curvature 𝑟𝐿 = 15.5 mm, diameter 2𝑎𝐿 = 16 mm, 
thickness ℎ𝐿 = 4 mm and is placed 𝛿 = 1 μm (unless specified otherwise) above the pattern. 
Air is assumed to have a relative permittivity of 1 and conductivity 𝜎air = 4 fS/m at zero field 
strength. All geometric and material parameters are summarized in Table 1. 
Due to symmetry we only consider a cuboidal quarter of the system with width 𝑥𝑚 = 20 mm, 
length 𝑦𝑚 = 20 mm and height 𝑧𝑚 = 40 mm. The glass lens is positioned above the electrode 
array (Figure 37b). A quarter of the electrode array has width and length 
𝑤𝑎
2
= 3 mm and is 
composed of 𝑛 = 8 electrodes of width 2𝑎 = 220 μm and period 2𝑏 = 380 μm. At 𝑦 = 0 
there is a symmetry plane where 𝑛 ∙ 𝐸 = 0 and 𝑛 ∙ 𝐽 = 0 hold. At 𝑥 = 0, there is an 
antisymmetry plane where 𝑉 = 0 holds. All other external boundaries are also considered to 
be symmetry planes and positioned distant enough (i.e. 𝑥𝑚, 𝑦𝑚, 𝑧𝑚 ≫
𝑤𝑎
2
) to have no influence 
on the solution. 
 
Figure 37 Schematic illustration of the computational model. (a) Cross-section (𝒚 = 𝟎 plane) 
of the glass lens (purple, curvature radius 𝒓𝑳) placed above oppositely charged electrodes (red 
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and blue stripes) located on a ceramic substrate (grey). The electrode array is covered with a 
thin elastomer layer with thickness 𝒉𝒆. The patterned surface is approximated by a thin 
homogenous effective medium layer with thickness 𝒉𝒑. (b) In the simulations, a cuboidal 
quarter of the experimental setup is considered, with a symmetry plane at 𝒚 = 𝟎 and an 
antisymmetry plane at 𝒙 = 𝟎. 
Table 1. List of variables as well as geometric and material parameters used in the numerical 
simulations. 
Material Property Symbol Value Unit Reference 
Air 
relative permittivity air 1 – – 
conductivity 𝜎air 4 ∙ 10
−15 S/m [129] 
gap thickness 𝛿 10−6 m – 
Lens 
relative permittivity 𝐿 5 – [143] 
conductivity 𝜎𝐿 10
−12 S/m – 
surface conductivity 𝜎𝑠 10
−13 … 10−8 S 
[144], 
[145] 
radius 𝑎𝐿 8 ∙ 10
−3 m – 
radius of curvature 𝑟𝐿 0.0155 m – 
thickness ℎ𝐿 4 ∙ 10
−3 m – 
Pattern 
pillar radius 𝑟𝑝 3.5 ∙ 10−6 m – 
pillar height ℎ𝑝 7 ∙ 10−6 m – 
pillar spacing 𝑠𝑝 1.4 ∙ 10−5 m – 
Elastomer 
relative permittivity 𝑒 2.5 – [146] 
conductivity 𝜎𝑒 2.5 ∙ 10
−14 S/m [146] 
thickness ℎ𝑒 5.5 ∙ 10
−5 m – 
Electrode array 
electrode half-width 𝑎 1.1 ∙ 10−4 m – 
half-period 𝑏 1.9 ∙ 10−4 m – 
number of electrodes 𝑛 16 – – 





relative permittivity 𝑐 10 – [147] 
conductivity 𝜎𝑐 10
−13 S/m [148] 
thickness ℎ𝑐 3 ∙ 10
−3 m – 
Computational 
domain 
width, length 𝑥𝑚, 𝑦𝑚 0.02 m – 
height 𝑧𝑚 0.04 m – 
 
3.6. Numerical results 
Figure 38 shows an example of the Maxwell stress distribution |𝑆𝑧| on the lower surface of the 
lens. Faint white lines indicate the position of the electrode array. Most of the attraction is 
concentrated directly above each electrode and near the center of the lens being located 1 µm 
above the micropatterned adhesive. The outermost electrodes exhibit a weak long-range 
attraction due to fringe fields. 
 
Figure 38 Distribution of electroadhesion: Logarithmic Maxwell stress map on the surface of 
the lens located 1 µm above the micropatterned electro-adhesive device. The white lines 
indicate the shape and location of the electrode array. 
Figure 39 shows the extracted electroadhesion force 𝐹𝑒𝑠 acting on the lens in terms of the 
applied voltage, as evaluated using eq. 3. 10. The black circles represent our experimental 
measurements. The dashed and dash-dotted black lines, both scaling as 𝐹𝑒𝑠~𝑉0
2, correspond to 
a constant air conductivity and the electrostatic model for insulating materials, respectively. It 
matches the experimental data well up to 800 V. Above that voltage the experiments no longer 
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follow the quadratic force-voltage dependence predicted by this model. Other symbols in 
Figure 39 correspond to a field-dependent air conductivity according to eq. 3. 7. The 
electroadhesion force is proportional to 𝑉0
2 for low voltages, but exhibits a weaker scaling when 
𝐸 > 𝐸𝑐. The best fit is obtained for parameter values 𝐸c = 14.4 MV/m and 𝑠𝐿 = 5 μm/V (red 
line). A comparison of the data for 𝐸c = 3 MV/m and 𝑠𝐿 = 0.1 and 10 μm/V (orange and blue 
lines) illustrate that larger value of 𝑠𝐿 induces a weaker dependence of 𝐹𝑒𝑠 on 𝑉0 for 𝐸 ≫ 𝐸𝑐. 
Variations of 𝐸𝑐 (green and violet lines) determine at which voltage level the deviation from 
the square scaling occurs. 
 
Figure 39 Numerical results of electroadhesion force as function of applied voltage: The 
variable air conductivity was calculated according to eq. 3. 5 with threshold value 𝐸𝑐 and slope 
𝑠𝐿 (compare Figure 36). Black circles represent experimental results. The dashed black line 
assumes constant air conductivity. The dash-dotted black line corresponds to the electrostatic 
model.  
A comparison of the models introduced in section 4 and specifically the effect of air 
conductivity and electric parameters are shown in Figure 40. First, the influence of the field-
independent surface conductivity of the lens, 𝜎𝑠, (blue crosses) and the field-independent bulk 
conductivity of the lens, 𝜎𝐿, (orange diamonds) on the electroadhesion force 𝐹𝑒𝑠 is displayed in 
Figure 40a. In both cases, 𝐹𝑒𝑠 increases for a more conductive lens. It approaches a constant 
value for large 𝜎𝐿, because the lens behaves as a perfect conductor and the interior electric field 
vanishes. Similarly, in the limit of small 𝜎𝐿, the force approaches a constant value, as the lens 
becomes a perfect insulator. The force changes sign, because better conductors than air tend to 
be attracted to and poorer conductors than air repelled from regions with high electric fields. 
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We conclude that the two models give virtually identical results, if the value of 𝜎𝑠 is chosen as 
𝜎𝑠 = 𝜆𝜎𝐿, where 𝜆 ≈ 122 μm for our system. The line represents a fit based on the function 








where 𝑐0, 𝑐1 and 𝑐2 are fit parameters. The dashed vertical line corresponds to the (field-
independent) air conductivity 𝜎air. When 𝜎𝐿 = 𝜎air, the force crosses zero. For lower 
computational cost, the bulk conductivity model was chosen in further calculations, although 
the surface conductivity model was more physically relevant. 
In Figure 40b, we show the dependence of 𝐹𝑒𝑠 on the (field-independent) conductivity of air, 
𝜎air, (red points) and of the elastomer, 𝜎𝑒, (violet squares). 𝐹𝑒𝑠 decreases with increasing 𝜎air. 
Consequently, if 𝜎air increases with field strength, the force will be lower. 𝐹𝑒𝑠 substantially 
increases with increasing 𝜎𝑒, because the high-field region extends closer to the air-lens 
interface. This can provide an additional parameter for tuning the performance of 
electroadhesion devices. 𝐹𝑒𝑠 approaches zero in the limits of 𝜎air ≫ 𝜎𝑒, because large air 
conductivity prevents any appreciable electric field strength from reaching the air-lens 
interface. For the same reason, 𝐹𝑒𝑠 approaches zero in the limit 𝜎𝑒 → 0. Figure 40c displays the 
increase of 𝐹𝑒𝑠 with increasing relative permittivities of the lens, 𝐿 , and the elastomer, 𝑒, for 
purely dielectric materials. The electroadhesion force scales linearly with 𝐿 − 1 for small 𝐿 
and approaches a constant value for large 𝐿. A scaling argument explaining these limiting 
behaviors is presented in section S5 in the Supporting Information. Figure 40d shows 𝐹𝑒𝑠 as a 
function of the entire electrode array width and length 𝑤𝑎 while keeping the number of 
electrodes and the ratio 𝑎/𝑏 constant. The electroadhesion force increases with larger 𝑤𝑎. For 
𝑤𝑎 > 5 mm, the force approaches saturation as the array is much larger than the region of low 
separation and high attraction due to the curvature of the lens (compare Figure 38). Figure 40e 
illustrates how 𝐹𝑒𝑠 varies with elastomer thickness ℎ𝑒. For a large thickness, this relation is 
exponential as illustrated by exponential fits (solid lines), because the potential due to coplanar 
interdigitated electrode arrays decays exponentially in the direction normal to the 
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substrate.[149] For small separation the extracted force is higher than the long-range 
exponential fit. The dependence of the force on electrode width-period ratio 𝑎/𝑏 is given in 
section S1 in the Supporting Information. 
 
Figure 40 Comparison of numerical models, effect of air conductivity and of electric 
parameters on electroadhesive force 𝐹𝑒𝑠. (a) Comparison of the surface and bulk conductivity 
models: 𝐹𝑒𝑠 in terms of the field-independent surface (𝜎𝑠, blue crosses) or bulk (𝜎, red circles) 
conductivity of the lens. Solid blue and red dashed lines are fits based on the logistic function, 
compare eq. 3.11 In the bulk conductivity model, the fitted function crosses zero force for a 
lens conductivity equal to that of air (dashed grey line). (b) Electroadhesive force as a function 
of air conductivity (𝜎air, red circles) and elastomer conductivity (𝜎𝑒, blue squares). (c) 
Electroadhesive force as a function of lens permittivity ( 𝐿, brown squares) and elastomer 
permittivity ( 𝑒, violet circles). (d,e) Electroadhesive force in terms of (d) the size of the 
electrode array 𝑤𝑎 and (e) the thickness of the elastomer film ℎ𝑒 for linearly varying air 
conductivity (red stars, 𝐸𝑐 = 3 MV/m and 𝑠𝐿 = 1 µm/V), field-independent air conductivity 
(orange pluses) and in the electrostatic model (blue circles). The lines in (e) represent 
exponential fits to the three thickest films of each data set. As a reference, the green diamonds 




We have fabricated and evaluated a micropatterned electroadhesion device based on an 
interdigitated electrode and a polymer micropillar array. Attractive forces before and after 
contact were caused by long-range electrostatic forces, while during contact the short-range 
van der Waals forces additionally contribute to adhesion. The traditional theoretical models for 
electroadhesion consider purely dielectric materials, i.e. electrical insulators, for which the 
electroadhesion force scales quadratically with applied voltage. This is in contrast to our 
experimental results as well as previous ones reported in literature [150]–[152], where a weaker 
force-voltage scaling has been observed for voltages above 800 V. We have shown that 
accounting for minute but finite electric field-dependent electrical conductivities of air and the 
solid materials used in the device can quantitatively reproduce the experimental results. 
The conductivities of the typical materials involved in an electroadhesion device can vary 
vastly. The surface conductivity of glass can change by seven orders of magnitude depending 
on the relative humidity and is sensitive to surface contamination e.g. due to fingerprints or 
residues upon repeated attachment and detachment cycles [153]. The bulk conductivity of 
polymers can vary strongly depending on impurity concentrations and production methods. 
Moreover, the conductivity of air depends on the relative humidity and the geographic 
microlocation of the measurement. Guo et al. reported a drop in electroadhesion force exerted 
on a glass target substrate by approximately a factor of 3 over the course of 3 days when the 
relative humidity decreased from approximately 64% to 43% [121]. This is qualitatively 
consistent with the variation observed in Figure 40a. These results and considerations point at 
the need for tightly controlled environmental parameters to achieve a stable and reproducible 
electroadhesion performance. 
In terms of potential applications, the findings of this study offer an opportunity for novel pick-
and-place devices: by combining the adhesion of a micropatterned polymer with electrostatic 
interaction, very fragile objects could be handled without applying mechanical compression. 
Electric fields could also be used to enhance adhesion to objects with rough surfaces, where 




Our experimental and numerical approach successfully revealed how short-range van der 
Waals interactions can be superimposed by long-range electrostatic forces, which enables in-
line regulation of preload and adhesion forces. The following conclusions can be drawn: 
The presence of electrostatic fields enhances adhesion. Compared to the field-free case, an 
enhancement of adhesion by about a factor 2 (at a voltage of 2kV) was achieved. 
Up to 800 V, the adhesion force scaled with the square of the applied voltage. For voltages 
larger 800 V, the scaling was weaker; this effect is very likely due to a small, field-dependent 
electrical conductivity of the materials involved. 
Numerical results were similar for bulk-conductive materials and a model presuming surface-
conductivity of glass-air interfaces. The latter has physical relevance due to possible adsorbed 
water films or residues through repeated adherence and detachment cycles.  
The electrical adhesive force could be further increased by decreasing the thickness of the 
micropatterned polymer or by increasing the permittivity and conductivity of the elastomer 
material. Numerical results also indicate that the electroadhesive force is highly sensitive to the 
environmental conditions; in particular, the force is predicted to decrease with increasing air 
conductivity, which is directly related to humidity.  
3.8. Supporting Information 
The dependence of the electroadhesion force on the 𝑎/𝑏 ratio, the model validation for flat 
surfaces, the validation of the effective medium approximation, the comparison between 
idealized and realistic geometries of the electrode array, and the scaling of Maxwell traction 




Chapter 4: Shear induced Peeling of 




Controlled release of micropatterned adhesives is challenging due to strong Van der Waals 
adhesion with the target object. We report a novel method for shear induced peel detachment 
in micropatterns combined with a membrane dielectric elastomeric actuator (DEA). An 
electrical bias of 1.2 kV translates to a lateral displacement of 127 µm and leads to crack 
initiation, crack growth and finally detachment within 5 seconds. A single large micropillar 
made of Sylgard 184, with cap diameter 710 µm and length 1600 µm, was used to study the 
detachment mechanism by in-situ optical visualisation. The detachment process from a glass 
plate always proceeded via an edge crack which is favourable for release mechanisms in 
comparison to the center cracks. The study points to the feasibility of controlled detachment of 
micropillar arrays by DEA. 
4.2. Introduction 
Bioinspired micropatterned adhesives are investigated for diverse applications such as 
climbing robots, pick and place systems and medical adhesives owing to their reversible and 
residue free adhesion. The last decade has seen tremendous progress in achieving high adhesion 
from polymeric micropatterns via different combinations of materials  [32] and designs [154] 
[155] Presently the focus is shifting not only on achieving strong adhesion (~MPa) with diverse 
target substrates, but equally on facile detachment for precise handling and placement. Shape 
memory alloys [64], shape memory polymers [116] pneumatic switches [156], magnetic 
stimulus [10] and mechanical buckling [69] so far have been some of the attractive routes for 
switching adhesion between adhesive and non-adhesive states. Most of these mechanisms place 
additional requirements in terms of the material properties and some have relatively slow 
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response times. Of these existing methods, mechanical buckling exploits elastic instabilities in 
high aspect ratio structures [69], essentially, by applying a mechanical preload. The principle 
has been applied, for example, in double sided adhesives [114]. Buckling of high aspect-ratio 
structures results in a non-adhesive state desirable for release. There are two major limitations 
to this approach: firstly, a higher compressive load to achieve bending of the pillars can damage 
fragile target substrates and, secondly, the buckling process is random which poses challenges 
for precise handling. Hossfeld, Craig K., et al.  studied the shear detachment of micropatterned 
adhesives. Peel testing was carried out by applying shear at different angles ranging from 0 to 
30 degrees [157]. Shear was applied by using a custom-built constant angle peel test set-up.  
In this chapter, we aim to explore the functionality of in-plane actuation of a dielectric 
elastomeric actuator (DEA) as a release mechanism, which leads to shear induced peeling of 
the micropatterned adhesives. Dielectric elastomeric actuator technology has gained interest in 
the field of soft robotics [63],  particularly, as it is possible to attain local deformations tuneable 
by applied electric fields without the need of complex control mechanisms. In order to 
understand the underlying mechanism by in-situ visualisation, a mushroom structure with an 
aspect-ratio of 4 (stalk diameter 400 µm) was combined with a DEA. The fabrication process 
of the adhesive microstructure as well as the working principle of a DEA are discussed in 
Sections 4.3 and 4.4 respectively. This is followed by the description of the experimental set-
up and methodology in Section 4.5 and 4.6. Section 4.7 provides an in-depth analysis of the 
detachment mechanism from the optical images and adhesion tests.  
4.3. Materials and Methods 
An elastomeric mushroom pillar of aspect-ratio 4, stalk diameter of 400 µm and height 1600 
µm was used for this study. It was fabricated using replica molding from a micromachined 
aluminium mold, which consisted of 2 parts. The first part included the micromachined 
mushroom caps (with holes) and the second part acted as a lid. Fastening the lid after filling 
the prepolymer and curing agent resulted in a backing layer thickness of 2 mm. The cap 
diameter was 710 µm. To facilitate demolding, the aluminium mold was initially silanised in a 
vapor phase deposition process for 30 min, by using 50 µL of (1H,1H,2H,2H-perfluorooctyl) 
trichlorosilane (AB111444, ABCR, Karlsruhe, Germany). In a next step, polydimethylsiloxane  
(PDMS, Sylgard 184, Dow Corning, Midland, MI, USA) prepolymer and  crosslinker were 
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mixed in a ratio of 10:1 using a speed mixer (DAC600.2 VAC-P, Hauschild Engineering, 
Hamm, Germany) at 2350 rpm for 3 min. In order to improve the imaging contrast, 10 wt % of 
blue pigment (PK 5091, Degussa, Essen Germany) was added to obtain a blue polymeric blend. 
The micromachined holes in the mold were meanwhile sealed with a  polyethylene 
terephthalate laminating film Sigma 1 (SIG GmbH, Duesseldorf, Germany) to create a flat 
surface for the mushroom cap [158]. The mold was partially filled with the blue polymer blend 
and degassed using a vacuum oven (Memmert VO200, Schwabach, Germany) at 1 mbar for 10 
min.  After expulsion of air bubbles, the mold was filled completely and the lid was fastened. 
The entire assembly was cured in an oven at 75o C for 2 hours. After curing, the mushroom 
pillar was carefully demolded.  
4.4. Dielectric Elastomeric Actuator 
Dielectric elastomeric actuators are transducers that are capable of voltage tunable mechanical 
deformation. They are composed of a sandwich of dielectric layer in between conformal 
electrodes. Application of the bias across the dielectric film, results in attraction of the 
oppositely charged electrodes leading to thickness reduction of the film. Since the film is 
incompressible ( Poisson’s ratio υ = 0.5 ), the film expands in area in order to maintain constant 
volume [74]. This is the scenario for an unconstrained elastomeric membrane that results in 
bidirectional actuation. However, in the interest of diverse applications, new strategies are 
explored to constrain the movement of DEA along a specific direction. To ensure unidirectional 
lateral displacement, Huang, Jiangshui, et al. incorporated stiff fibres in the DEA membrane. 
This resulted in unidirectional motion which could further be implemented in the form of a soft 
gripper  [159], [160]. One of the other techniques to achieve unidirectional actuation is by 
constraining and pre-stretching the dielectric membrane within a rigid frame. In the present 
study, a dielectric actuator designed by Artificial Muscle Inc. was used [161]. The in-plane 
actuation of the DEA was leveraged in a haptic module designed for mobile handsets.  
The DEA design and working principle is shown in Figure 41. The DEA consisted of 3 periodic 
sections supported on a rigid frame [161], as shown in the top view of Figure 41a. Each periodic 
section consisted of movable bars (black), electrodes (green and blue) and a sandwiched layer 
of dielectric (grey-textured pattern). These sections were separated by rigid dividers (grey 
colour) which are connected to the outer frame. The DEA was comprised of different sections 
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of electrodes (I-VI) with alternate sections shown in blue and green. The mushroom pillar was 
glued on the central movable bar, as indicated by a red dot in Figure 41a (top view). This can 
also be seen in the cross-sectional view in Figure 41b, which shows the dielectric layer 
sandwiched between top and bottom electrodes. The top electrodes of the sections were 
alternately grounded (labelled as GND) and alternately connected to high voltage (labelled as 
V1). The bottom electrodes of all the sections were connected to a common output wire V2.   
 
Figure 41 DEA design and working principle: (a) Top view of the linear actuator. Top and 
bottom electrodes are shown in green and blue sections. Red dot marks the micropillar with 
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biased causing the green sections II, IV and VI to compress in the thickness direction. Net 
movement to the left as shown by the direction of the arrow. (d) Biasing the electrode V2 and 
V1 (V2 = V1) results in compression of the blue sections I, III and V and net displacement 
occurs towards the right. 
Figure 41 (b-d) explain the unidirectional movement of the DEA resulting from selective 
biasing of the electrodes V1 and V2. When a high potential is applied at V1 (Figure 41c), while  
V2 is also grounded, it leads to compression of the dielectric film in sections, II, IV and VI 
(highlighted in green). The film tends to expand in both directions, owing to its incompressible 
nature, however the rigid divider attached to the frame restricts the movement and guides the 
net movement of the bar and the micropillar unidirectional to the left. Similarly as seen in 
Figure 41d, upon applying equal potentials to V1 and V2, sections I, III and V (shown in blue) 
are compressed along the thickness direction and the presence of rigid divider leads to a net 
displacement to the right. Furthermore, the higher the applied voltage, the higher is the lateral 
displacement. Therefore, in addition to the voltage dependent deformation, the number of 
segments and footprint of the device could also be tailored to meet the requirements of the 
desired final application. This highlights the degree of flexibility in design of these actuators.  
4.5. Experimental Setup 
The DEA-microstructure device was characterized using a custom-built adhesion setup as 
shown in Figure 42. The outer frame of the DEA was firmly attached to a rigid stage and the 
pillar with the mushroom cap facing upwards. The stage was connected to a dual axis 
goniometer (GN L10, Thorlabs, Ann Arbor, Michigan, United States) to ensure complete 
alignment of the mushroom structure with respect to a flat glass, which was used as the target 
substrate for measuring adhesion. The target was connected to a load cell (KD 45 2N, ME-
Meßsysteme, Hennigsdorf, Germany) which was mounted on a linear drive. An optical camera 
(Imaging Source DMK 33UX252, Bremen, Germany) fitted with a zoom system to obtain high 
magnification images of the contact (12x zoom lens Navitar, New York, USA) was mounted 
on the same linear drive orthogonal to the lateral displacement of the DEA, in order to enable 
a view through the target glass substrate. This allowed visualization of the contact and peeling 
events of the microstructure in top view. Another small zoom camera (Imaging Source DMK 
23U445, Bremen, Germany) was mounted in the plane of the DEA movement and captured the 
overall displacement of the DEA and the micropillar. A LABVIEW program was written to 
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control the displacement of the target substrate for adhesion measurements and to record the 
measured force-displacement and force-time data. The DEA was biased using a High voltage 
DC power supply (FuG Elektronik HCN 7E 20 kV, Schechen, Germany). 
 
Figure 42    Schematic of the experimental setup for studying the detachment mechanism. 
Cross-section view depicts a section of the DEA with the micropillar attached to the central 
movable bar. Glass substrate connected to a linear stage is brought in contact with micropillar 
and a preload is applied. The substrate is retracted to the touch point, followed by switching on 
the DEA (biasing the green electrodes). In this image, the fibril gets sheared to the left resulting 



















4.6. Adhesion Measurements 
The DEA was characterized systematically at different biasing voltages and the lateral 
displacement was recorded optically. These measurements were repeated and compared after 
the microstructure was glued on the DEA. It was observed that the net lateral displacement of 
the DEA is measured to be 52 µm at 800 V and 127 µm at 1.2 kV (red curve) with the 
microstructure.  
 
Figure 43: Control experiments (a) Characterisation of the DEA with the microstructure (red 
curve) showing the voltage dependent in-plane displacement. (b) Pull off force is independent 
of the applied preload. 
Prior to the adhesion tests, the alignment between the target substrate and the micropillar was 
adjusted using the goniometer. In one experiment, a compressive force (preload) of 3 mN was 
applied for 1s and the target substrate was retracted until complete contact was lost. The 
maximum tensile force (pull off force) was recorded to be 12 mN. Adhesion measurements 
were repeated for preloads ranging from 3 mN to 20 mN (Figure 43b) and the mean value of 
pull off force was measured  to be 11.45 mN with a deviation of ± 5 %. The classical Johnson-
Kendall-Roberts (JKR) [162] approach derives the adhesion between an elastic body and half 
space with adhesion force as a function of elastic modulus and contact radius. It is further 
independent of the applied compressive load (preload). One of the limitations of the JKR theory 
is the assumption of not considering any surface roughness. Tabor [163] and Maugis [164] 
provide the theoretical basis for effect of roughness on adhesion.  In the present experiments, 
involving elastomer Sylgard 184 and a flat glass substrate, pull-off force is observed to be 




roughness [163] [165], viscoelasticity [166]and misalignment [167] (incomplete contact 
between the target object and deformable body) are considered to explain this observation. 
Qualitatively, due to the nature of silicones, the contribution from viscoelasticity will have a 
small contribution. The hold times in the present experiments were not found to have an impact 
on the measured pull off forces. Furthermore, repeated measurements against the same smooth 
substrate also diminishes the role of surface-roughness to affect adhesion. The dominant effect 
can then be explained based on the degree of misalignment which leads to partial contact at 
low preloads. Therefore, as found in the present study, a preload independent adhesion 
behaviour observed for the preloads ranging from 3 mN to 20 mN was used as an indicator for 
an aligned setup. As the adhesion strength becomes independent of the applied compressive 
load (preload), good contact and alignment is usually ensured between the two bodies. All the 
future measurements were carried out at a fixed preload of 3 mN. Once aligned, adhesion 
measurements were performed without any external bias. After an applied preload of 3 mN, a 
pull- off force of 12 mN was observed.  
Optical images in Figure 44 give an overview of the experimental procedure. After applying a 
preload of 3 mN for 1s, the target was manually retracted until touch point was reached again 
(point of zero compressive force) as shown in Figure 44b. At this point a bias of 1.1 kV (V1) 
was applied, resulting in a net movement of the DEA to the left. As visible in Figure 44c, the 
stalk of the pillar which was glued to the DEA, was displaced to the left (shown by the direction 
of the arrow), whereas the tip was still in contact with the glass substrate. The bias was switched 




Figure 44 Optical images of the side view showing the pillar bending under shear induced 
torque (a) The micropillar is in contact with the target glass substrate. (b) Target attached to 
the linear drive is retracted to the point of zero compressive force. (c) A bias of 1.1 kV is 
applied, and the DEA displaces to the left as shown by the arrow. The backing layer and the 
stalk displaces while the tip is still in contact with the glass surface. (d) Target substrate is 
retracted after the bias was applied for 1 s.  
4.7. Results and Discussions  
4.7.1. Effect of varying hold time  
As discussed in Section 4.6, all the measurements were performed at a preload of 3 mN. In 
Figure 45a, the force displacement curve for a preload of 3 mN is shown. No external bias was 
applied at this point. Corresponding force-time measurement was also recorded (Figure 45b). 
Approach and retraction of the target were carried out in steps of 1 µm and are marked by the 
direction of arrows. The different color bands correspond to the compressive and tensile 
regimes in the force-time and force-displacement curves. Green bands refer to the compressive 
zone while blue bands mark the tensile regime.  
Figure 45c depicts the force displacement curve when the bias was applied for 5s. At this point, 
the target and the micropillar were in contact owing to Van der Waals forces. Now the electrical 
bias of 1.1 kV was switched on, resulting in the lateral displacement of 110 µm. As soon as the 
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bias was switched on, there was a sharp rise in the tensile force by 3 mN. This is because the 
DEA is laterally displaced, thereby displacing the microstructure with it. Furthermore, the pillar 
was also pulled away, as the dielectric film was compressed along the thickness. After applying 
the bias for 5s, it was observed that there was some residual adhesion and therefore the target 
had to be retracted until it was completely detached. The pull off force dropped from 12 mN at 
0 V to 7 mN at a bias of 1.1 kV for 5s.  Next, the measurement was repeated with the bias of 
1.1 kV applied for an extended duration of 15s. Grey bands in the force time curve mark the 
time duration for which the bias to the DEA was switched on, resulting in lateral displacement 




Figure 45 Adhesion measurements on an unbiased (a,b) and biased (c-f) DEA-microstructure 
assembly. Green bands represent the compressive regime, blue bands indicate the tensile region 
and grey bands in the force time curves illustrate the hold time duration for which the electrical 
bias was applied (a) Force displacement curve at 0V. A preload of 3 mN was applied for 1s 
and the measured pull of force is 12 mN.  (b) Force-time curve at 0V. (c) Force displacement 
curve with 1.1 kV applied for 5s. Pull off force is 7 mN. (d) Force time curve showing the 
green region during which the crack is growing however at the end of 5s, target is retracted and 
the residual adhesion of 7 mN is measured marked by the blue band. (e) Force displacement 
shows complete loss of adhesion when the bias is applied for 12s. Arrows mark the approach 
and retraction phases in the measurement. (f) Force- time curve shows that during the time 




















































and the force drops to zero. Absence of blue band show that adhesion was lost solely by the 
shear-force due to DEA. 
Figure 45e shows the force displacement curve, where the adhesion was completely lost. The 
force time curve shows that the entire contact was peeled off, as the tip lost contact with the 
target within 12s. No additional mechanical force was needed to overcome adhesion. The 
absence of blue band signifies, that detachment took place solely due to the shear-induced 
peeling. No further retraction was required, as was the case at shorter hold times. 
4.7.2. Effect of varying bias on crack growth  
In order to understand the detachment mechanism, the experiments were extended to different 
voltages of 1.0 kV, 1.1 kV, and 1.2 kV and different duration of bias switched on (hold time). 
Qualitatively, in order to observe the decay of pull-off stresses, DEA was biased, in increasing 
intervals of 5s and the residual adhesion was recorded as shown in Figure 46 a. The time taken 
for the contact to peel off is termed as the peeling time. The higher the applied voltage, the 
larger is the lateral displacement (Figure 43 a) and thus the pillar is subjected to additional 
lateral and tensile forces. These forces have been calculated in Section 4.7.4 assuming a 
simplified model. The pull off stress decreased from 35 kPa at 0 V to zero when the DEA was 
biased at 1.2 kV for 5 s (Figure 46 a)  Similarly, as the lateral displacement is low at lower 
voltages, it took longer for the contact to peel. It is observed that it took 12s for the loss of 
adhesion at 1.1 kV whereas even after a duration of 20 s the pull off stress of 2 kPa was 
measured at a bias of 1.0 kV. Similar trends were also observed when the work of separation 





Figure 46  Effect of varying bias on Peel time (a) Decay in pull-off stress was measured at bias 
of 1 kV, 1,1 kV and 1.2 kV with increasing time duration of applied bias and the time taken 
for the contact to fully peel off was measured. (b) Work of separation also shows similar trends 
as the pull-off stress for the corresponding bias.  
4.7.3. Time Dependence of Crack Growth 
The optical images in Figure 47 (b-e) capture the contact signature showing the evolution of a 
crack that proceeds from the edge opposite to the direction of applied shear force. The force 
time curve in  Figure 47 a results from the adhesion measurement when a bias of 1.1 kV was 
applied for a hold time of 15s. After retracting the target substrate to the point of zero 
compressive force, as denoted by the touch point T, the bias was switched on. As soon as the 




Figure 47 Effect of hold time on crack growth (a) Force time curve showing the crack 
propagation at a bias of 1.1 kV, applied for 15s. (b-e) Optical images show the top view of the 
contact.(b) High contrast shows that the tip is in contact with the glass surface.(c,d) Crack 
initiates at the edge opposite to the direction of the applied shear force as shown by the direction 
of the arrow.(e) Complete loss of contrast shows the contact has completely peeled off. Dotted 
lines in yellow mark the edge of the displaced backing layer in the background when the bias 
was switched on.  
This tensile force is attributed to the squeezing of the sandwiched elastomeric layer of the DEA, 
and dominantly the lateral displacement. As it squeezes in the thickness direction and laterally 
displaced, it pulled the microstructure away from the glass. The plateau region depicts the hold 
time of 15s, where the defect propagated from the edge. At the end of 12s, the tip had 
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completely peeled off from the surface and the pull off force dropped to zero. The peeling took 
place as the crack propagated from one edge to the other and grew across the interface. No 
mechanical force was needed to achieve this, as otherwise needed at shorter holding times as 
seen in Figure 47 e. This demonstrates that the shear induced due to in-plane displacement of 
the DEA enabled peel detachment of the microstructure from the target substrate.   
The observation of an edge crack is untypical for mushroom shaped pillars. Previous studies 
by [168] [169] have explained the occurrence of an edge or center crack by analyzing the 
different stresses acting on a fibril (flat vs mushroom tip) under a normal tensile load. In an 
ideal case, the corner stress singularities in a flat tip fibril lead to an edge crack. By modifying 
the tip to a mushroom cap, the additional material at the circumference reduces these corner 
singularities. The stresses at the center of the stalk are higher, thereby favoring detachment via 
a center crack. Additionally, the presence of defects [158] modifies this behavior by acting as 
local sites where the fibril loses contact and in turn leads to a deviation from the expected crack 
types.  
The situation differs in the present scenario as the fibril is under an inhomogeneous stress 
distribution. Lateral displacement of the DEA induces a tensile stress in the fibril leading to 
elongation of the pillar. Additionally, the pillar bends under the torque acting at the contact 
interface. These stresses collectively result in the edge opposite to the applied shear, as the 
preferred site for detachment, which is also observed in the present study.  
The time dependence is speculated to be arising as a result of the viscoelasticity of the silicones. 
The elastomeric fibril used in this study was fabricated using Sylgard 184. For a perfectly 
elastic material, the crack would proceed instantly across the interface. Persson et al [170] 
[171], have studied the influence of viscoelasticity and surface roughness on adhesion for 
Sylgard 184 by analyzing the work of adhesion as a function of crack tip velocity by 
introducing viscoelasticity in the theoretical calculations. For a lower crack tip velocity, the 
experimental results agree with their theoretical calculations.  
Another hypothesis to explain the time-dependence can be understood as follows. In addition 
to the inhomogeneous stress distribution discussed above, in-plane stresses also develop at the 
interface when the fibril is preloaded and brought back to the touch point. As the fibril is 
geometrically constricted between the two ends, these stresses are only able to relax when the 
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peel front develops at the edge, once the DEA is biased. As the peel front grows, the defects 
can act as sites where these in-plane stresses advance quickly. Depending on the distribution 
of these defects, some contacts may break and reform and collectively govern the time scale of 
detachment. In these instances, may be a threshold value of stress is reached, at which the peel 
front is not able to propagate and there, defects might pin the contact line. This is only an 
assumption and needs a sophisticated FE analysis of the stress distributions at the peel front 
which is beyond the scope of this work.  
Furthermore, silicones are also present as the dielectric material in the DEA. These materials 
have been studied and different theoretical frameworks [70] [172] have been discussed to 
account for the dissipative processes of silicones in a DEA. Some studies are also investigating 
the effect of pre stretch to reduce the relative creep behavior arising from viscoelasticity  [173].  
An experiment was designed to further shed light on the influence of the torque acting on the 
fibril, wherein a center crack was specifically formed due to inhomogeneities arising from a 
curvature in the mold in the center of the pillar tip. Figure 48(a-h) show the progression of an 
edge crack in a fibril with a prescribed delamination of the center region. As soon as the DEA 
is biased, the edge crack arising at the pillar edge opposite to the direction of lateral 
displacement of the DEA propagates through the contact area and fuses with the center crack 
before completely peeling off. Edge cracks are particularly unstable in comparison to the center 




Figure 48  Crack growth in a fibril with a prescribed center crack (a) Top view shows a fibril 
in contact with the target substrate (dark circle). The bright spot in the center arises from a 
center crack where contact to the substrate is lost. Dotted white lines mark the edge of the 
backing layer. (b-e) Backing layer corner displaces out of the view of the image when the bias 
is on. An additional crack originates at the edge and the center crack fuses with the propagating 
edge crack. Loss of contrast in (h) shows that the crack has peeled completely.  
4.7.4. Detachment under tensile loads 
Force time curves of the pillars under tensile loads are shown in Figure 49.After applying a 
preload of 3 mN, the fibril was retracted, until a tensile force of 1mN (Figure 49a), 2 mN 
(Figure 49b) and 8 mN (Figure 49c) was reached in three different experiments. This 
corresponds to an effective deformation of 15 µm, 30 µm and 140 µm respectively in the 
system (fibril + backing layer + DEA membrane).  Under this tensile load, the DEA was biased 
at 1.1 kV. The slight relaxation of the initial tensile force during that holding time is attributed 
to the viscoelastic properties of the elastomeric fibril, backing layer, and DEA membrane. As 
in the previous Figure 45, the green bands in the diagrams correspond to the compressive region 
and the tensile regions are shown in blue. Green bands mark the time during which the bias 
was applied. Compared to the initially relaxed fibril (subject to no compressive or tensile load) 
(Figure 47), cracks propagated much faster when under an initial tensile load. For the relaxed 
fibril, it took 12 s for the loss of complete adhesion. This time period was reduced to 9.3 s 
under a tensile load of 1 mN (15 µm net elongation), to 2 s under a tensile load of 2 mN (30 
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µm net elongation) and further reduced to 800 ms under a tensile load of 8 mN (140 µm net 
elongation).  
 
Figure 49 Force time curves for axially elongated pillars when subjected to bias at elongations 
of (a) 15 µm (b) 30 µm and (c) 140 µm. The detachment time was found to be reduced due to 
high tensile stresses acting along the fibril.   
In the above sections, we observed that the lateral displacement between the DEA and target 
substrate, while the fibril stayed in contact with both (under condition of no slippage), leading 
to a bending and elongation of the pillar and in conjunction also with the torque at both ends 
of the fibril. 
Figure 50 illustrates this detachment process. The voltage-dependent displacements of the 
backing layer in comparison to the pillar length are relatively small (< 10%) and do not allow 
for detailed information (gained from the experiments) regarding the peel angles and the 







the dielectric actuator. A detailed analysis is required to calculate the bending moment, acting 
at the interface between pillar and substrate due to the lateral displacement between backing 
layer and substrate. 
In this section, a simplified analysis is presented, to gain some estimates of the evolution of 
peel angle under tensile loads at lateral displacement.  
The angle between the original position of the fibril and the final position at maximum lateral 
displacement at each bias is defined by α. We define the peel angle as the maximum angle 
between the fibril and the target object and which evolves opposite to the direction of the lateral 
displacement represented by θ (i.e. 90 + α). As explained in Figure 41 , the dielectric actuator 
consists of three periodic sections with the movable bars. Figure 50a shows the side view for 
one of these sections. There are two different experimental cases under discussion.  
 
Figure 50 Schematic showing an elongated fibril bending due to shear-induced torque (a) 
Schematic showing the micropillar integrated with the dielectric elastomeric actuator on the 






























micropillar with the backing layer and the movable bar. (c) Zoomed in view showing 
micropillar under deformation once the DEA is biased. Arrows mark the direction of lateral 
displacement. The figures are not drawn to scale and present only a simplified view of the fibril 
with the backing layer displaced due to the action of dielectric actuator.  (d) With time, the peel 
front at the interface starts to grow.  
The force-time and force- displacement measurements for the scenario shown in Figure 57(a-
b) were discussed in Figure 45. In the force-time curves shown in Figure 45(d-f), as soon as 
the DEA is switched on, a tensile force was measured. This is marked by the onset of the green 
section. The experimentally measured peel stress corresponds to 8.76 kPa. Using these 
calculations, a theoretical estimate of the peel stress (shear and normal stress) is obtained to 
compare with these experimental values. 
Figure 50b shows an illustration of the fibril, backing layer and the movable bar. The DEA 
action displaces the backing layer, leading to elongation and bending of the pillar (Figure 50c). 
As the pillar is in contact with the glass substrate, the substrate is pulled down. The sketches 
are not drawn to scale and the angles have been exaggerated for clarity. Furthermore, the 
calculations have been carried out for a fibril with a flat tip as opposed to a mushroom tip used 
in the experiments. In an actual scenario, the pillar will deform and have a curvature at the 
interface once it is bent and elongated. This has not been reflected in the drawings. Figure 50d 
shows the beginning of the crack at the interface.  
Some simple mathematical estimates of stresses and strains in the fibrils are presented in the 
Appendix. 
4.7.5. Micropatterned Arrays 
This study discusses the detachment mechanism for a single micropillar. In order to further 
extend the findings for realizing a gripper, it becomes important to analyze the differences once 
an array of microfibrils is integrated with the DEA. Keeping the material constant, few of these 
possible scenarios from the design perspective are:    
I. Design of DEA  
A circular DEA can be designed where in-plane actuation corresponds to expansion and 
contraction of the active region in the DEA and the pillars have rotational symmetry. Pillars in 
an array will experience different displacements depending on their position. The majority of 
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pillars can then be distributed at the outer circumference so that they experience maximum 
displacement and bending moment leading to early detachment. The pillars that get displaced 
the farthest will bend more and will lose contact earlier as compared to the rest. In effect, the 
load distribution per pillar still in contact will increase, facilitating quicker detachment of the 
remaining pillars.  
The active regions in the DEA can also be designed in a way that the bending moment for all 
the pillars can be directed radially inwards or outwards for precise handling.  
II. Design of Pillars  
 
The highly simplified mathematical estimates discussed in the Appendix, show that the 
maximum deformation arises from the DEA membrane. An array of pillars with dissimilar 
lengths can also be integrated. In case of a small and light-weight object, a low preload will be 
applied, so that only the longer pillars will come in contact. For heavier objects, the preload 
will be increased, so that also the shorter pillars get in contact. Buckling of the taller pillars 
will be prevented as the DEA membrane will provide the main requisite deformation. 
4.8. Conclusion 
Our experimental findings reveal a novel method that exploits the in-plane actuation of the 
dielectric elastomeric actuator to induce peeling of the fibril at the interface with the target 
substrate.  Overall, the results can be summarized as follows: 
- In the set-up used, a bias of 1.1 kV applied to the DEA led to an in-plane displacement 
of 110 µm which caused peeling of the microfibril from the glass substrate in 12s. At a 
higher bias of 1.2 kV, the contact peeled in 5 s. The peel stress was experimentally 
measured to be 8.76 kPa and the calculations showed a deviation of about 25 %, being 
in good agreement in first approximation.  
-  
- Detachment occurs via peeling at the interface of the fibril and the glass substrate, due 
to the torque that acts on the fibril from the lateral displacement of the DEA. The 
theoretical estimates discuss how the peel angle evolves differently under scenarios 
when the pillar is subjected solely to the elongation due to DEA as compared to an 
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elongation due to additional tensile loads. Only edge cracks were observed, in contrast 
to studies on mushroom-shaped pillars under normal pulling forces. The reason lies in 
the torque acting at the interface owing to lateral displacement of the DEA, directing a 
detachment from the edge.  The detachment started at the edge in the direction opposite 
to that of the displacement of the substrate by the DEA.  
 
- It is experimentally observed that under additional tensile loads, peeling times are 
expedited. As the peel stresses will be highly inhomogeneous as discussed, they can 
only be calculated in good approximation using “Finite Element Analysis” (FEA) 
which is out of the scope of this thesis. The simplified calculations also reveal that the 
maximum deformation under tensile loads is arising from the DEA membrane and 
along with the fibril and backing layer it is sufficient to result in peeling at the interface.  
 
 
- The reasons for the time dependence of the detachment process were not fully clarified 
in the present study. It is not unlikely that some viscoelastic contribution to the fibril 
deformation was responsible for this effect. In terms of potential application, such a 
time dependence could be undesirable and should be minimized by the materials or the 
design.  
 
- The present study confirmed the principal feasibility of detaching a single polymeric 
adhesive fibril from a glass substrate by actuation with a DEA. In order to detach a 
whole array of many fibrils, further considerations will be necessary. For example, the 
amount of shear, and therefore torque, on the individual fibrils will depend on the 
relative position the fibril and hence the fibrils will detach at different times. This could 
possibly be utilized to realize controlled detachment from delicate objects. Further work 




Chapter 5: Summary and Outlook  
5.1. Summary  
Adhesion modulation is equally significant in designing a multi-target handling system as in a 
live gecko. Relying on principles of contact mechanics, researchers tailor dry adhesives for 
different target objects. Microstructure tip geometry [30] [155] [169], aspect ratio [174], 
backing layer thickness [175] and elastic modulus of materials [176] are different variables that 
help customize the stress concentrations at the interface of the adhesive and target object. These 
findings provide dedicated solutions for each application however do not offer dynamic control 
over adhesion strengths. 
In the first part of this thesis, electric fields were harnessed in combination with the dry 
adhesives to tune the adhesion strengths. By fundamentally analysing the superposition of 
electric fields on Van der Waals mediated adhesion through a custom made electroadhesion 
measurement setup, the electrical forces were engineered to enable attachment (via 
electroadhesion) and detachment (via Dielectric Elastomeric Actuators) of patterned adhesives. 
Analysis of the force- displacement measurements showed an adhesion strength increase by a 
factor of 2 with an applied DC potential of 2 kV in comparison with the scenario without any 
externally applied bias. It was observed that electrical fields also exert a preloading effect 
which is attractive. This is extremely useful for handling fragile target objects such as thin foils 
and silicon wafers, where compressive preloads can be invasive for these objects.  
The second part of the thesis focussed on release mechanism for detaching microstructures for 
placing the target objects. For automated handling of components in the industry, release 
mechanisms are critical in addition to the pick-up processes. A membrane DEA was combined 
with a high aspect ratio macroscopic fibril and a novel release mechanism was investigated and 
demonstrated. The in-plane deformation facilitated the introduction of a crack at the contact 
interface. By using DEA to induce a shear detachment, the crack growth always proceeded via 
an edge crack which originated opposite to the direction of applied shear force. This is 
connected to previous statistical studies on the detachment behaviour which have shed light on 
the role of local surface defects of individual fibrils in governing the global adhesion of an 
array [111] [158].  Depending on the presence of local defects and the stress concentrations at 
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the interface, the detachment process was found to proceed via a distribution of centre and edge 
cracks. Centre cracks on average take longer to proceed whereas edge cracks are faster and 
unstable  [158]. Furthermore, studies at different bias voltages showed that the release times 
could be accelerated from 12 s at 1.1 kV to 5 s for a bias of 1.2 kV. Limited by the breakdown 
field strength of the actuator being used, the maximum operating voltage was restricted to 1.2 
kV. However, by tailoring the design and material properties of the device, higher voltages 
could be applied, which in turn will further reduce the release duration. Thus, electrical fields 
can also dynamically regulate crack growth and expedite the release times.  
Overall, electric fields were successfully integrated with micropatterned adhesives. They 
provided additional dynamic control over the adhesion and detachment processes to meet real 
time requisites for different applications.   
5.2. Outlook 
With steps toward Industry 4.0, automated and self-regulatory multifunctional systems are in 
demand more than ever [177]. From this perspective, attachment and detachment regulation 
offered via electric fields can pave the way for incorporating more sophistication for designing 
collaborative robots (cobots) equipped with micropatterned adhesives.  
Presently these prototypes are in the testing phase at the research level. However, efforts have 
started towards scaling them up for large area fabrication. Roll to roll manufacturing processes 
are developed for manufacturing dry adhesives [178]. Similarly, large scale fabrication of 
electrodes via techniques such as laser ablation are being tested for DEAs [179]. Such efforts 
will further strengthen the possibility of producing the combinatorial adhesive prototypes (dry 
+ DEA) at large scales. DEAs are starting to find applications in commercial products [180].  
Within the scope of this thesis, the detachment mechanism was experimentally demonstrated 
for a single micropillar. It will be interesting to study the behaviour at the level of an array of 
similar fibrils, as the distribution of local defects at the pillar surfaces will influence the 
detachment process.  
Electrostatic preload reported in this thesis has been concluded to be useful in handling of 
fragile objects such as thin foils etc. In other studies, this preload has also been demonstrated 
to help compensate for the loss in adhesion in case of micropillars fabricated from high 
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modulus materials [181]. Similarly, dry adhesives are highly sensitive to misalignment 
between the adhesive pad and the target object. Electrostatic preloads can also be evaluated in 
their potential for creating an equal load sharing condition for the fibrils. 
With the flexibility to optimise design, materials and their implementation across the three 
technologies of electroadhesion, dry adhesion and dielectric actuators, there exists a huge space 

















A. Additional Information: Chapter 3 
I. Dependence of the electroadhesion force on the 𝒂/𝒃 ratio. 
Figure 51 shows the dependence of the electroadhesion force on 𝑎/𝑏, i.e. the ratio of the 
electrode width to the array period.  
 
Figure 51 Dependence of the electroadhesion force on the 𝒂/𝒃 ratio for 𝜹 = 𝟏 𝛍𝐦 and 𝑽𝟎 = 𝟐 
kV. Blue points are for 𝑬𝒄 = 𝟑 𝐌𝐕/𝐦 and 𝒔𝑳 = 𝟏 𝛍𝐦/𝐕 
II. Model validation for flat surfaces  
For validation we compared our numerical model to the results reported in (Cao et al., 2016). 
Therefore, simulations were performed using the geometry similar to that shown in Figure 52 
(c), without a pillar array. Cao et al. report that in a flat-flat contact (i.e., non-patterned 














− 1] 𝐶 = 𝜎0𝐶 
A1. 
where V_0 is the voltage applied to the electrodes, b is the half-period of the electrodes, 𝑤is 
the permittivity of the wall, C is a dimensionless stress scale function dependent on the 
geometric parameters of the system, i.e. electrode width, elastomer and air gap thickness as 
well as the permittivity ratio of the elastomer and wall. We define 𝜎0 ≡
𝜎𝑎𝑑
𝐶
. This equation was 
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derived with the approximation that the system is periodic with symmetry planes through the 
center of each electrode and antisymmetry planes in between the electrodes. 
Figure 53 shows the influence of chosen dielectric and geometric parameters on the 
electroadhesion stress scale. Our numerical results almost quantitatively reproduce the 
theoretical prediction based on eq. A1. They slightly underestimate the stress values, by 5 to 
13%. This may be due to the different numerical methods employed, as the cited values were 
obtained with a point matching method described in Ref. (Marcuse, 1989).  
 
Figure 52 Illustration of the periodic numerical model geometry. (a) Realistic representation of 
the hexagonal pillar array. (b) Pillar array layer represented by an effective medium 





Figure 53 Comparison of the non-dimensional electroadhesion stress 
𝝈𝒂𝒅
𝝈𝟎
 (a) as a function of 
the permittivity ratio 
𝜺𝒄
𝜺𝒘
 of the cover and the wall, respectively, for three values of  
𝒂
𝒃
 and (b) as 
a function of 
𝒂
𝒃
 for three values of 
𝜹
𝒃
. Blue symbols represent our results, solid lines those of 
[48]. 
III. Validation of the effective medium approximation 
In order to validate the effective medium representation of the micropillar array, we consider a 
periodic cell model, assuming an infinite electrode array contacting an infinite, flat object. In 
this case an elementary unit cell can be defined, bounded by adjacent symmetry planes. Figure 
52 (a-b) shows two considered geometries, Figure 52a a realistic representation of the 
hexagonal micropillar array and Figure 52b an effective medium approximation. We consider 
all external boundaries to be symmetric (𝑛 ∙ 𝐸 = 0), with exception of the boundary 
intersecting the space between electrodes, where an antisymmetry condition holds (𝑉 = 0). 
Figure 55a shows the average electroadhesion stress 𝜎𝑎𝑑  as a function of air gap thickness 𝛿, 
considering the realistic pillar array geometry (dashed orange line, Figure 52a) and an effective 
medium approximation (solid blue line, Figure 52b). Both lines overlap and converge to an 
exponential function (grey dotted line). In Figure 55b the ratio of the two extracted stresses is 
plotted as a function of 𝛿, 𝜎𝑒𝑓 relating to the effective medium approximation and 𝜎𝑝𝑖𝑙 to the 
realistic geometry. At 𝛿 = 1 μm the effective medium approximation underestimates the 




Figure 54 Comparison of the non-dimensional electroadhesion stress 
𝜎𝑎𝑑
𝜎0
 (a) as a function of 
the permittivity ratio 𝑐
𝑤
 of the cover and the wall, respectively, for three values of  
𝑎
𝑏
 and (b) as 
a function of 
𝑎
𝑏
 for three values of 
𝛿
𝑏
. Blue symbols represent our results, solid lines those of 
Cao et al., 2016. 
 
 
Figure 55 (a) Average electroadhesive pressure considering realistic pillar array geometry 
(dashed orange lines) and an effective medium approximation (solid blue lines) as a function 
of air gap thickness 𝜹. Both lines overlap and converge to an exponential function (grey dotted 
line). (b) Ratio of the two extracted pressures as a function of 𝜹. At 𝜹 = 𝟏 𝛍𝐦 the effective 
medium approximation underestimates the pressure by around 2%. 
IV. Comparison between idealized and realistic geometries of the electrode array 
Figure 56 shows a comparison of logarithmic pseudocolor maps of the electroadhesion pressure 
for the electrostatic model for 𝛿 = 1 μm and 𝑉0 = 2 kV, using different computational domain 
geometries. Figure 56a A realistic electrode array geometry including horizontal electrode 
99 
 
segments, Figure 56b an idealized geometry which assumes a symmetry plane at 𝑦 = 0 and an 
antisymmetry plane at 𝑥 = 0 (dashed white lines) and Figure 56c an infinite array, derived 
from the periodic unit cell model, presented in subsection III. In Figure 56c the pressure map 
is obtained by tiling the periodic cell results. Here, the curvature of the lens is accounted for by 
spatially varying the air gap thickness [akin to the Derjaguin approximation known from the 
theory of Van der Waals forces (Derjaguin, 1934; Parsegian, 2005)]. The fringe fields at the 
edges of the electrode array are noticeably different in each of the three models. This difference, 
however, accounts for less than 3% of the total force on the object and is therefore not 
significant. Model in Figure 56a is the most realistic, but also the computationally most 
expensive. Model in Figure 56b reduces the required number of mesh elements by 75%. Model 
in Figure 56c is computationally the most efficient and allows to include the micropillars 
explicitly, but does not allow to realistically consider electrical conduction and requires 
approximating the shape of the target if it isn’t flat and parallel to the array. We decided to use 




Figure 56 Logarithmic pseudocolor maps of the electroadhesion pressure for different electrode 
array shapes represented by the faint white lines, when 𝛿 = 1 μm and 𝑉0 = 2 kV. (a) Realistic 
electrode geometry including horizontal electrode segments. (b) Assuming a symmetry plane 
at 𝑦 = 0 and an antisymmetry plane at 𝑥 = 0 (dashed white lines). (c) Infinite array, derived 
from the periodic unit cell model. 
V. Scaling of Maxwell traction for purely dielectric materials 
We consider a simplified system of a bilayer of two materials 𝑎 (air) and 𝑏 (lens) sandwiched 
between two parallel plate electrodes, to make it amenable to an analytical treatment. In this 
case the electric field vector only has a single non-zero Cartesian component. The Maxwell 
traction acting at the interface scales as 
𝑎𝐸𝑎
2 − 𝑏𝐸𝑏









    A2. 
where in the first and second steps we have used the discontinuity condition  
𝑎𝐸𝑎 = 𝑏𝐸𝑏. In the last step, we used 𝑎𝑖𝑟 ≈ 1. The traction, therefore, approaches a constant 
for large 𝑏 (essentially all the voltage drop will be in the 𝑎 phase and also 𝐸𝑎 will become 
constant). Similarly, it scales as 𝑏 − 1 for small 𝑏 ≈ 1 (because now 𝐸𝑎 ≈ 𝐸𝑏 both become 
constants, which are determined by the spacing of the electrodes). Both limits are in accordance 
with the results in Figure 40c in the manuscript. 
The electroadhesion geometry includes two air-lens interfaces instead of one. However, the 
electric field at the more distant interface further away from the electrode array is already so 
weak due to the rapid exponential decay of the field strength, that its contribution to 𝐹𝑒𝑠 is 
negligible. 
B. Additional Information: Chapter 4 
Peel Angle: Theoretical Estimates 
All the following calculations only present a very simplified view of the different scenarios. In 
the real detachment process, the stress distribution will be inhomogeneous due to the bending 
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of the pillar under the existing bending moment and peeling process. The stresses will be higher 
at the crack front and lower at the other end. 
We define the following stresses: The “peel stress” (𝜎𝑝) is the axial stress along the pillar at 
any angle alpha. The normal stress (𝜎𝑛) is the stress component normal to the surface of the 
glass plate, the shear stress (sigma sub s) parallel to it. The initial length of the fibril is 
represented by AC and the elongated length is given by AB as shown in  Figure 57. BC 
represents the maximum lateral displacement at any applied bias. The maximum measured 
displacement s =BC was 110 µm at a bias of 1.1 kV, the fibril length L0=AC will be assumed 


























Figure 57 Simplified schematic of the pillar deformation during shearing and pulling: Scenario 
1 (a) Schematic showing the fibril at its original position with no compressive or tensile force. 
(b) DEA is switched on resulting in lateral displacement of the fibril and beginning of an edge 
crack due to peeling at the interface under the influence of a shear-induced torque. Scenario 2 
(c) Before switching on the DEA, a tensile load is applied to the fibril. A simplified sketch 
illustrates the pillar as divided in two symmetric truncated cones (d) DEA is switched on. The 
pillar, backing layer and DEA as a whole deform (elongate) more in comparison to scenario 1. 
The pillar deformation is highly simplified, and the Poisson contraction is exaggerated. 
 




 ≈ 𝟑. 𝟗° 
B. 1 











Hence, the maximum peel stress 𝜎𝑃 = 𝐸𝜖 where E = 2.8 MPa is Young’s Modulus of Sylgard 
184, yielding  
𝜎𝑃 = 6.608 𝑘𝑃𝑎 
B. 3 
The resulting maximum shear stress is  
𝜎𝑆 = 𝜎𝑃 ∗ sin α = 0.070 𝑘𝑃𝑎 
B. 4 
            and the maximum normal stress   
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𝜎𝑁 = 𝜎𝑃 ∗ cos α =  6.59 𝑘𝑃𝑎 
 
B. 5                                      
The experimentally obtained value for the peel stress is 8.76 kPa, about 25 % higher than the 
result of this simple calculation. 
We define the peel angle θ as the maximum angle between the fibril and the substrate. In 
scenario 1, when the DEA is switched on under conditions of zero compressive load on the 
fibril, θ is measured as 94 ⁰.  
Now, in scenario 2, we also consider the contribution of the DEA-membrane and the backing 
layer and the overall deformation (elongation) of the system under additional tensile force. 
Figure 58 depicts different components namely the fibril, backing layer and the DEA under 
elongation. The strains acting in each of the components differ owing to different areas of 
cross-section. The drawing in Figure 58 shows a simplified version, again with the degree of 
deformation exaggerated for clarity. 
 
Figure 58 Schematic representing the scenario when a tensile load is applied to the fibril. All 
the components comprising the fibril, the backing layer and the DEA membrane undergo 
deformation. The angle of deformation is exaggerated for the purpose of understanding and the 
figure is not drawn to scale.  
Experimentally, for a tensile load of 8 mN, a net elongation of 140 µm was measured. We use 
this simplified analysis, to estimate the individual contributions from the fibril, the backing 









I. Deformation of the Pillar 
Applied tensile force, 𝐹𝑇 = 8×10e
-3 N 
Initial Length of the fibril, 𝐿𝑃 = 1.6× 10e
-3 m 
Area of cross-section of the pillar is given by 𝐴𝑃 
𝐴𝑃 =  𝜋𝑟
2 = 𝜋 × 355 × 10−6𝑚 × 355 × 10−6 𝑚 
Young’s Modulus of Sylgard 184, 𝑌𝑃 = 2.8 × 10
6 𝑃𝑎 
The deformation in the fibril length, 𝐷𝑃 








And 𝐷𝑃 = 11.55 𝜇𝑚 
𝑆𝑡𝑟𝑎𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝐹𝑖𝑏𝑟𝑖𝑙 =  






(DP ≝ 𝛥l) 
                              = (1611.55 µm – 1600 µm)/ 1600 µm = 0.0072 ≈ 0.7 %  
B. 7 
This is a small deviation for elastomeric materials.  
II. Deformation of the DEA-membrane 
A periodic section of the DEA with the movable bar is shown in Figure 59a. Deformation in in 
the DEA is calculated by assuming the contribution arising from the electrodes and the 
sandwiched layer surrounding it (marked by area A1 and A2). For the purpose of 




Figure 59 (a) Schematic showing one of the sections of the DEA with the movable bar. Sections 
A1 and A2 represent the stack of electrodes. Sections A3-A8 are the regions with the dielectric 
silicone. For the simplicity of the calculations, these areas have not been considered (b) Side 
view represents the elongation of the DEA under the tensile load. 𝒍𝟎 represents the membrane 
width of the region A1. The sketch is not drawn to scale. 
The thickness of the dielectric membrane is unknown. Assuming a thickness of 50 µm which 
is typical of Elastosil films from Wacker, we assume that a biaxial pre-stretch of 20 % is 
applied. Owing to the incompressible nature of the elastomer, the volume will remain 
unchanged. Therefore, for an initial length (l1), initial width (w2) and initial thickness (t1), the   
initial volume, Vi is given by  
𝑉𝑖 = 𝑙𝑖 × 𝑤𝑖 × 𝑡𝑖 
B. 8 
After the pre-stretch, final length, lf = 1.2 li, final width, wf = 1.2 wi  
𝑉𝑓 = 1.2𝑙𝑖 × 1.2𝑤𝑓 × 𝑡𝑓 
B. 9 




























𝑡𝑖 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 + 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝐷𝐸𝐴 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 
𝑡𝑖 = 25 × 2 𝜇𝑚 + 50 𝜇𝑚  
B. 11 





 µ𝑚 = 69.44 µ𝑚 
B. 12  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒, 𝐴1 = 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑤𝑖𝑑𝑡ℎ ∗ 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑤𝑖𝑑𝑡ℎ = 25 × 10−3 𝑚 
𝐴1 =  𝐴2 =  25 × 10
−3 𝑚 × 69.44 × 10−6 𝑚 
= 1736.11 × 10−9 𝑚2 
B. 13 
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝐴𝐷𝐸𝐴 = 2𝐴1 = 2 × 1736.11 × 10
−9 𝑚2 = 3472.22 × 10−9 𝑚2 
B. 14 




8 × 10−3 𝑁
3472.22 × 10−9𝑚2





Strain in the DEA membrane,  
 
𝛿𝑙 =  
𝑁𝑒𝑡 𝑆𝑡𝑟𝑒𝑠𝑠 × 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ
𝑌𝑜𝑢𝑛𝑔′𝑠𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠
 
 







The Young’s modulus for the conductive pads is assumed to be, 𝑌𝑒 = 2.5*10e
6 Pa. Initial length 




2.3 × 103 𝑁/𝑚2 
2.5 ×  106 𝑁/𝑚2
× 3 × 10−3 𝑚 
                                                            = 2.76 × 10-6 m = 2.76 µm  
B. 17 
Strain in the direction of applied tensile load is given by 𝐷𝐷𝐸𝐴. Using Pythagoras theorem,  
𝐷𝐷𝐸𝐴
2 =  3002.762 𝜇𝑚2 −  30002 𝜇𝑚2 
𝐷𝐷𝐸𝐴 = 128.71  µ𝑚
 
B. 18 
III. Deformation of the Backing Layer 
Finally, we calculate the deformation of the backing layer, 𝐷𝐵𝐿. 
Thickness of the Backing layer, TBL = 2×10-3 m  
Area of the Backing layer, ABL = 2×3×10-6 m2 
Young’s Modulus of Sylgard 184 = 2.8 ×10-6 Pa 






8 × 10−3 𝑁 × 2 × 10−3 𝑚




                                                                  
= 0.952  µ𝑚 
B. 19 
Thus, summing up the individual contributions of the deformations from the fibril, backing 
layer and the DEA, the net deformation accounts to 141.212 µ𝑚. This is in good agreement 
with the experimentally measured value of 140 µ𝑚.  Qualitatively, with this simplified analysis, 
it can be concluded that the maximum deformation arises from the DEA.  
IV. Peel Angle Under Tensile Loads 
Under this scenario of tensile load, the elastomeric pillar undergoes elastic deformation. With 
maximum contraction at the center (half the pillar’s length). As a result, the angle between the 
pillar and the substrate changes at the pillar’s circumference. Simplified calculations are 
undertaken to evaluate the change in this angle defined as the peel angle within the present 
context.  
Figure 60a shows the simplified version assuming the elongated pillar will be divided into two 
symmetrical truncated cones. The volume of the pillar will be equal to twice the volume of 
individual geometrical sections. In order to calculate the peel angle 𝛾, the internal angle 𝛼 is 
calculated.  
Volume of the pillar is given by 𝑉𝑃 , 
𝑉𝑃 = 𝜋 × 𝑟
2 × 𝐿𝑃 
𝑉𝑃 = 3.14 ×  355 × 355 × 1600 × 10
−9 𝑚𝑚3 
= 0.633 𝑚𝑚3 
B. 20 
The volume of the truncated cone shown in Figure 60b is given by  
𝑉𝑇𝐶 =
ℎ × 𝜋 × (𝑟1








 ℎ = 𝐴𝐵 =




1600 𝜇𝑚 + 11.55 𝜇𝑚 
2
 
= 805.75 𝜇𝑚 
B. 22 
(derived from the calculations on pillar deformation).  
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Figure 60 (a) A simple representation of the pillar under an applied tensile load. The pillar is 



















zoomed in version of the top section in contact with glass. The peel angle is analysed when the 
pillar has been elongated. 
(3552 ∗ 10−12 𝑚2) [1 −
3 × 1600 × 10−6 𝑚
2 × 805.75 × 10−6 𝑚
] + 355 × 10−6 × 𝑟2 + 𝑟2
2 = 0  
𝑟2 =  
−355 ∗ 10−6 𝑚 ± √((355 × 10−6)2𝑚2 + 4 × (249397 ∗ 10−12)𝑚2)
2
 
𝑟2 =  
705
2
𝜇𝑚 = 352.5 𝜇𝑚 
B. 23 
Therefore,  
𝐴𝐶 = 𝑟1 − 𝑟2 =  355 –  352.5 µ𝑚 =  2.5 µ𝑚 
B. 24 
and  
𝛼 =  𝑡𝑎𝑛−1 (
𝐴𝐶
𝐴𝐵




= 𝑡𝑎𝑛−1(0.0031) = 0.177 ⁰ 
B. 25 
These calculations for a fibril under tensile loads show that the pillar undergoes elongation 
with maximum contraction at the center of the fibril and thus also change the angle (𝑏𝑦 ≈
0.18 °) it makes with the glass object at the circumference even before the DEA has been 
switched on.  Lastly, as shown in Figure 61b, once the pillar is elongated under an applied 
tensile load, switching on the DEA further elongates the pillar. The peel angle defined by the 
maximum angle the pillar makes with the glass substrate further grows, and this leads to a 
relatively faster release time for the contact to completely peel off as opposed to scenario 




Figure 61 (a) Schematic represents the elongated pillar under an applied tensile load  (b) 
Schematic depicting an elongated pillar which starts to peel once the DEA is switched on , due 
to the torque that acts at the interface resulting in the pillar to bend. Under a tensile load, the 
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device had a bi- layer design where the high voltage electrodes were separated from the ground 
electrodes with a Kapton sheet. (b) AFM images of the Cu-Pc (Copper Phthalocyanine doped 
elastomeric samples for different weight concentration ratios. The surface roughness RMS varies 
directly with the dopant’s concentration. Reproduced from [47]..................................................................... 24 
Figure 14 Shear stress measurements for a flat doped dielectric layer. Shear stresses measured on a 
medium density fibreboard (MDF) for an unstructured bi-layer electroadhesive structure with 
increasing weight concentration of Copper (II) Pthalocyanine Cu-Pc particles. Reproduced from [47].
 ............................................................................................................................................................................................... 25 
Figure 15 Shear stress measurements of doped and undoped bi- layer electroadhesives- Shear stress 
measurements on medium density fibre board and drywall substrates (a)R1 is the reference undoped 
micropatterned sample with Sylgard 184 and C1 is the doped micropatterned sample (b) Sylgard 170 
microstructured undoped sample is the reference R2 and C2 is the doped Sylgard 170 sample (c) 
Reference undoped Sylgard 184 sample is compared to doped microwedges sample R3. Reproduced 
from [47]. ........................................................................................................................................................................... 26 
Figure 16 Shear stress measurements for conductive micropatterned adhesives (a) Scanning electron 
microscope image of conductive carbon black filled PDMS microstructures (b) The increase in shear 
strength on drywall, polypropylene and polymethacrylate substrates at an electrical potential of 2 kV 
(c) Concept for using microstructures as electrodes in an electroadhesive device. Reproduced from 
[31] ....................................................................................................................................................................................... 27 
Figure 17 Bi- layer structure of micropatterned electroadhesive using(a) Non- directional structures 
(b) Directional microwedges. Reproduced from [47] .......................................................................................... 28 
Figure 18 Model design for a micropatterned electroadhesive pad(a) Schematic representation of an 
electroadhesive pad with artificial hairs mimicking gecko structures (shown in blue). Reproduced 
from [34] ............................................................................................................................................................................ 29 
Figure 19 Different gripping technologies depending on the object types. Reproduced from [50]. ..... 30 
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Figure 20  Fabrication and working of a photo-controllable and a pneumatic adhesive system -(a) The 
photo-controllable device consists of a crosslinked azo-benzene containing liquid crystalline 
elastomer unit. At 50 μm, UV light illumination causes the device to expand and contact the glass 
sphere. UV driven preload is measured. When the illumination is switched off, the device contracts 
and detaches from the glass sphere. (b)  Photo-isomerisation leads to change in shape of the 
azobenzene units leading to loss of contact area  Reproduced from [56] (c) Fibrillar adhesive device 
holding a 12. 7 mm in diameter steel ball with complete and reduced contact area (d) (i – vi) depict 
the movement of different pillars once the device is inflated. When the device is fully inflated, only 
pillars at the centre are in contact, Modulating the air pressure enables the device to handle flat and 
curved surfaces. Reproduced from [54] ................................................................................................................... 31 
Figure 21 Operating principle of an electrostrictive polymer actuator. Reproduced from [60] ............. 33 
Figure 22 Different approaches for fabricating complaint electrodes: (a) Loose carbon powders 
applied on the elastomeric layer, (b) Carbon particles suspended in the viscous oil, (c) Conductive 
silicone composite by doping carbon particles, (d) Photolithographically patterned metallic electrodes, 
(e) Metallic electrodes deposited on a pre stretched membrane.  Releasing the membrane leads to out 
of plane buckling (f). Reproduced from [66] .......................................................................................................... 34 
Figure 23 Parametric space for making conductive inks (a) Schematic representing the percolation 
threshold for conductive fillers as a function of filler concentration (b) Parameter space for conductive 
injectable inks for DEA applications. Reproduced from [66]. .......................................................................... 35 
Figure 24 Torsional DMTA results of silicone DC 3481 and acrylic VHB 4910 elastomers. 
Reproduced from [72]. ................................................................................................................................................... 37 
Figure 25 Schematic overview of the silicone dielectric elastomeric materials. Reproduced from [73].
 ............................................................................................................................................................................................... 38 
Figure 26 Instabilities in a dielectric actuator undergoing deformation in an applied electric field. 
Under an applied voltage, the dielectric elastomer fails at the pull-in instability at λc or snaps to a 
thinner state near λlim. Reproduced from [76]. ..................................................................................................... 39 
Figure 27 Actuator Configurations: Stack or contractive actuator and membrane or expanding  
actuator. Reproduced from [77]. ................................................................................................................................. 40 
Figure 28 (a), (b) Layerwise composite structure of the stack DEA and its fabrication process. It is 
composed of alternating electrode and DE film layers. Reproduced from [77] (b-h) Fabrication 
process of stack DEA.(c) The mold for the micropatterns is filled with uncured silicone (d) Thermal 
curing of elastomer (e) The electrodes are spray coated (f) followed by spin coating of the subsequent 
dielectric layer (g) Thermal curing of the elastomer layer (h) the process is repeated until the desired 
number of layers have been stacked. Reproduced from [80]. ........................................................................... 41 
Figure 29 Stack actuator integrated with micropatterned adhesive layer (a) The prototype for stack 
actuator integrated with micropatterned structures. (b) Experimental set up to test the handling of the 
glass wafer using the stack DEA. Reproduced from [80]. ................................................................................. 42 
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Figure 30 Design and operation of a device gripping via electroadhesion and releasing via use of out 
of plane actuation of a DEA (a) Square wave frequency from 1 to 60 Hz with applied voltages ranging 
from 3.5 kV to 6 kV (b) Release period without DEA oscillator (blue) and with DEA oscillator (red) 
(c) Oscillation profile at 8 Hz (d) Oscillation profile at 20 Hz ( e) Oscillation profile at 55 Hz (f) 
Electroadhesive gripping mode (g) DEA release mode (h) Selectively engaging the electroadhesive 
and DEA oscillatory mode for handling of Kapton film. Reproduced from [87] ....................................... 43 
Figure 31  Schematic showing the position of fibres in a  bi layer actuator and pick and place by 
controlling the bending direction (a) Finite element simulations of a bi layer structure consisting of a 
passive elastomer sheet bonded to a voltage actuated elastomer (L/H = 25, fibre width and heights 
(H/10). The lower image shows the cross-sectional view showing the location of the fibre and the 
bending moment (b) and (c) Handling of curved and soft materials by uniaxially bending the DEA. 
Reproduced from [63] .................................................................................................................................................... 45 
Figure 32 Structure and working of a compliant vertical gripper (a) The DEA part of the gripper 
consists of pre-stretched DEA bonded to passive layers. At 0 V, the structure is curled up and on 
applying Voltage across the top and bottom layers, uncurls the DEA to a flat configuration (b)  Same 
voltage is applied between the top and bottom electrodes but these are laterally offset so that there is a 
high electric field normal to the membrane and strong fringe fields at the boundaries as shown by the 
arrows. Reproduced from [46] .................................................................................................................................... 46 
Figure 33  Pick and place of micro-objects using a soft nanocomposite electroadhesive device (a) 
Schematic of the pull off measurement system using a colloidal AFM having a Pt coated spherical tip. 
Inset shows the Pt coated tip (b) Force displacement curves without (red) and with (blue) applied 
voltage (c) A micro pick and place map for the target object range at 30 V and 100 V. Reproduced 
from [90] ............................................................................................................................................................................ 48 
Figure 34 The micropatterned-electro adhesive device. (a) Illustration of the basic set-up. A 
micropatterned adhesive film was generated via replica molding and, subsequently, deposited on the 
interdigitated comb electrodes. (b) Schematic of the adhesion test setup. During the test a spherical 
glass probe was attached (approach) and detached (retraction) at different applied voltages. Normal 
forces 𝐹 and displacements 𝑢 were recorded. (c) Scanning electron micrograph of the micropatterned-
electro adhesive device. The inset .............................................................................................................................. 54 
Figure 35 Electroadhesion results. (a) Force-displacement curves for 0 kV (black) and 1.8 kV (red). 
Positive and negative forces are compressive and tensile forces, respectively. The inset presents data 
close to the contact of the probe with the micropatterned adhesive film. Arrows indicate the path 
during approach and retraction. (b) Pull-off forces in terms of net preloads for various applied 
voltages. Dashed lines highlight data for constant indentations. (c) Pull-off force (solid squares) and 
pull-off stress (open circles) as function of the applied voltage. The solid and the dashed lines 
illustrate quadratic and linear functions, respectively. (d) Net preload as function of the applied 
voltage. Numbers present the indentation into the micropatterned adhesive. .............................................. 56 
Figure 36 Models for the electric field-dependence of the air conductivity (see eq. 3. 5). Solid lines 
vary the slope 𝑠𝐿 for threshold value 𝐸𝑐 = 3 MV/m, dashed lines vary 𝐸𝑐 for 𝑠𝐿 = 1 µm/V. The 
dash-dotted red line was found to match experimental results with 𝐸𝑐 = 14.4 MV/m and 𝑠𝐿 =
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5 µm/V. Blue symbols are extracted from measurements of Carlon for moist air (RH = 66 %) [130].
 ............................................................................................................................................................................................... 60 
Figure 37 Schematic illustration of the computational model. (a) Cross-section (𝑦 = 0 plane) of the 
glass lens (purple, curvature radius 𝑟𝐿) placed above oppositely charged electrodes (red and blue 
stripes) located on a ceramic substrate (grey). The electrode array is covered with a thin elastomer 
layer with thickness ℎ𝑒. The patterned surface is approximated by a thin homogenous effective 
medium layer with thickness ℎ𝑝. (b) In the simulations, a cuboidal quarter of the experimental setup is 
considered, with a symmetry plane at 𝑦 = 0 and an antisymmetry plane at 𝑥 = 0. .................................. 62 
Figure 38 Distribution of electroadhesion: Logarithmic Maxwell stress map on the surface of the lens 
located 1 µm above the micropatterned electro-adhesive device. The white lines indicate the shape 
and location of the electrode array. ............................................................................................................................ 64 
Figure 39 Numerical results of electroadhesion force as function of applied voltage: The variable air 
conductivity was calculated according to eq. 3. 5 with threshold value 𝐸𝑐 and slope 𝑠𝐿 (compare 
Figure 36). Black circles represent experimental results. The dashed black line assumes constant air 
conductivity. The dash-dotted black line corresponds to the electrostatic model....................................... 65 
Figure 40 Comparison of numerical models, effect of air conductivity and of electric parameters on 
electroadhesive force 𝐹𝑒𝑠. (a) Comparison of the surface and bulk conductivity models: 𝐹𝑒𝑠 in terms 
of the field-independent surface (𝜎𝑠, blue crosses) or bulk (𝜎, red circles) conductivity of the lens. 
Solid blue and red dashed lines are fits based on the logistic function, compare eq. 3. 9. In the bulk 
conductivity model, the fitted function crosses zero force for a lens conductivity equal to that of air 
(dashed grey line). (b) Electroadhesive force as a function of air conductivity (𝜎air, red circles) and 
elastomer conductivity (𝜎𝑒, blue squares). (c) Electroadhesive force as a function of lens permittivity 
( 𝐿, brown squares) and elastomer permittivity ( 𝑒, violet circles). (d,e) Electroadhesive force in 
terms of (d) the size of the electrode array 𝑤𝑎 and (e) the thickness of the elastomer film ℎ𝑒 for 
linearly varying air conductivity (red stars, 𝐸𝑐 = 3 MV/m and 𝑠𝐿 = 1 µm/V), field-independent air 
conductivity (orange pluses) and in the electrostatic model (blue circles). The lines in (e) represent 
exponential fits to the three thickest films of each data set. As a reference, the green diamonds in (b-e) 
represent the parameter values stated in Table 1. .................................................................................................. 67 
Figure 41 DEA design and working principle: (a) Top view of the linear actuator. Top and bottom 
electrodes are shown in green and blue sections. Red dot marks the micropillar with mushroom tip. 
(b) Cross-section view of an unbiased DEA-micropillar assembly. (c) V1 is biased causing the green 
sections II, IV and VI to compress in the thickness direction. Net movement to the left as shown by 
the direction of the arrow. (d) Biasing the electrode V2 and V1 (V2 = V1) results in compression of 
the blue sections I, III and V and net displacement occurs towards the right. ............................................. 73 
Figure 42    Schematic of the experimental setup for studying the detachment mechanism. Cross-
section view depicts a section of the DEA with the micropillar attached to the central movable bar. 
Glass substrate connected to a linear stage is brought in contact with micropillar and a preload is 
applied. The substrate is retracted to the touch point, followed by switching on the DEA (biasing the 
green electrodes). In this image, the fibril gets sheared to the left resulting in a peel front at top right 
edge. ..................................................................................................................................................................................... 75 
117 
 
Figure 43: Control experiments (a) Characterisation of the DEA with the microstructure (red curve) 
showing the voltage dependent in-plane displacement. (b) Pull off force is independent of the applied 
preload. ............................................................................................................................................................................... 76 
Figure 44 Optical images of the side view showing the pillar bending under shear induced torque (a) 
The micropillar is in contact with the target glass substrate. (b) Target attached to the linear drive is 
retracted to the point of zero compressive force. (c) A bias of 1.1 kV is applied, and the DEA 
displaces to the left as shown by the arrow. The backing layer and the stalk displaces while the tip is 
still in contact with the glass surface. (d) Target substrate is retracted after the bias was applied for 1 s.
 ............................................................................................................................................................................................... 78 
Figure 45 Adhesion measurements on an unbiased (a,b) and biased (c-f) DEA-microstructure 
assembly. Green bands represent the compressive regime, blue bands indicate the tensile region and 
grey bands in the force time curves illustrate the hold time duration for which the electrical bias was 
applied (a) Force displacement curve at 0V. A preload of 3 mN was applied for 1s and the measured 
pull of force is 12 mN.  (b) Force-time curve at 0V. (c) Force displacement curve with 1.1 kV applied 
for 5s. Pull off force is 7 mN. (d) Force time curve showing the green region during which the crack is 
growing however at the end of 5s, target is retracted and the residual adhesion of 7 mN is measured 
marked by the blue band. (e) Force displacement shows complete loss of adhesion when the bias is 
applied for 12s. Arrows mark the approach and retraction phases in the measurement. (f) Force- time 
curve shows that during the time period of 12 s when the bias was turned on, the crack fully peels 
from one edge to the other and the force drops to zero. Absence of blue band show that adhesion was 
lost solely by the shear-force due to DEA. .............................................................................................................. 80 
Figure 46  Effect of varying bias on Peel time (a) Decay in pull-off stress was measured at bias of 1 
kV, 1,1 kV and 1.2 kV with increasing time duration of applied bias and the time taken for the contact 
to fully peel off was measured. (b) Work of separation also shows similar trends as the pull-off stress 
for the corresponding bias. ........................................................................................................................................... 82 
Figure 47 Effect of hold time on crack growth (a) Force time curve showing the crack propagation at 
a bias of 1.1 kV, applied for 15s. (b-e) Optical images show the top view of the contact.(b) High 
contrast shows that the tip is in contact with the glass surface.(c,d) Crack initiates at the edge opposite 
to the direction of the applied shear force as shown by the direction of the arrow.(e) Complete loss of 
contrast shows the contact has completely peeled off. Dotted lines in yellow mark the edge of the 
displaced backing layer in the background when the bias was switched on. ............................................... 83 
Figure 48  Crack growth in a fibril with a prescribed center crack (a) Top view shows a fibril in 
contact with the target substrate (dark circle). The bright spot in the center arises from a center crack 
where contact to the substrate is lost. Dotted white lines mark the edge of the backing layer. (b-e) 
Backing layer corner displaces out of the view of the image when the bias is on. An additional crack 
originates at the edge and the center crack fuses with the propagating edge crack. Loss of contrast in 
(h) shows that the crack has peeled completely. .................................................................................................... 86 
Figure 49 Force time curves for axially elongated pillars when subjected to bias at elongations of (a) 
15 µm (b) 30 µm and (c) 140 µm. The detachment time was found to be reduced due to high tensile 
stresses acting along the fibril. .................................................................................................................................... 87 
118 
 
Figure 50 Schematic showing an elongated fibril bending due to shear-induced torque (a) Schematic 
showing the micropillar integrated with the dielectric elastomeric actuator on the movable bar. It is in 
contact with the glass substrate (b) Zoomed in view depicting the micropillar with the backing layer 
and the movable bar. (c) Zoomed in view showing micropillar under deformation once the DEA is 
biased. Arrows mark the direction of lateral displacement. The figures are not drawn to scale and 
present only a simplified view of the fibril with the backing layer displaced due to the action of 
dielectric actuator.  (d) With time, the peel front at the interface starts to grow. ........................................ 88 
Figure 51 Dependence of the electroadhesion force on the 𝑎/𝑏 ratio for 𝛿 = 1 μm and 𝑉0 = 2 kV. 
Blue points are for 𝐸𝑐 = 3 MV/m and 𝑠𝐿 = 1 μm/V ......................................................................................... 95 
Figure 52 Illustration of the periodic numerical model geometry. (a) Realistic representation of the 
hexagonal pillar array. (b) Pillar array layer represented by an effective medium approximation. (c) 
Model with no pillar array or effective medium.................................................................................................... 96 
Figure 53 Comparison of the non-dimensional electroadhesion stress 𝜎𝑎𝑑𝜎0 (a) as a function of the 
permittivity ratio 𝑐 𝑤 of the cover and the wall, respectively, for three values of  𝑎𝑏 and (b) as a 
function of 𝑎𝑏 for three values of 𝛿𝑏. Blue symbols represent our results, solid lines those of [47]. .. 97 
Figure 54 Comparison of the non-dimensional electroadhesion stress 𝜎𝑎𝑑𝜎0 (a) as a function of the 
permittivity ratio 𝑐 𝑤 of the cover and the wall, respectively, for three values of  𝑎𝑏 and (b) as a 
function of 𝑎𝑏 for three values of 𝛿𝑏. Blue symbols represent our results, solid lines those of Cao et 
al., 2016. ............................................................................................................................................................................. 98 
Figure 55 (a) Average electroadhesive pressure considering realistic pillar array geometry (dashed 
orange lines) and an effective medium approximation (solid blue lines) as a function of air gap 
thickness 𝛿. Both lines overlap and converge to an exponential function (grey dotted line). (b) Ratio 
of the two extracted pressures as a function of 𝛿. At 𝛿 = 1 μm the effective medium approximation 
underestimates the pressure by around 2%. ............................................................................................................ 98 
Figure 56 Logarithmic pseudocolor maps of the electroadhesion pressure for different electrode array 
shapes represented by the faint white lines, when 𝛿 = 1 μm and 𝑉0 = 2 kV. (a) Realistic electrode 
geometry including horizontal electrode segments. (b) Assuming a symmetry plane at 𝑦 = 0 and an 
antisymmetry plane at 𝑥 = 0 (dashed white lines). (c) Infinite array, derived from the periodic unit 
cell model......................................................................................................................................................................... 100 
Figure 57 Simplified schematic of the pillar deformation during shearing and pulling: Scenario 1 (a) 
Schematic showing the fibril at its original position with no compressive or tensile force. (b) DEA is 
switched on resulting in lateral displacement of the fibril and beginning of an edge crack due to 
peeling at the interface under the influence of a shear-induced torque. Scenario 2 (c) Before switching 
on the DEA, a tensile load is applied to the fibril. A simplified sketch illustrates the pillar as divided 
in two symmetric truncated cones (d) DEA is switched on. The pillar, backing layer and DEA as a 
whole deform (elongate) more in comparison to scenario 1. The pillar deformation is highly 
simplified, and the Poisson contraction is exaggerated. .................................................................................... 102 
Figure 58 Schematic representing the scenario when a tensile load is applied to the fibril. All the 
components comprising the fibril, the backing layer and the DEA membrane undergo deformation. 
119 
 
The angle of deformation is exaggerated for the purpose of understanding and the figure is not drawn 
to scale. ............................................................................................................................................................................. 103 
Figure 59 (a) Schematic showing one of the sections of the DEA with the movable bar. Sections A1 
and A2 represent the stack of electrodes. Sections A3-A8 are the regions with the dielectric silicone. 
For the simplicity of the calculations, these areas have not been considered (b) Side view represents 
the elongation of the DEA under the tensile load. 𝑙0 represents the membrane width of the region A1. 
The sketch is not drawn to scale. .............................................................................................................................. 105 
Figure 60 (a) A simple representation of the pillar under an applied tensile load. The pillar is assumed 
to be deformed into two symmetrical geometrical sections (b) Schematic shows the zoomed in version 
of the top section in contact with glass. The peel angle is analysed when the pillar has been elongated.
 ............................................................................................................................................................................................. 109 
Figure 61 (a) Schematic represents the elongated pillar under an applied tensile load  (b) Schematic 
depicting an elongated pillar which starts to peel once the DEA is switched on , due to the torque that 
acts at the interface resulting in the pillar to bend. Under a tensile load, the contact peels within few 
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